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IN THE ABSTRACT: 
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specific weighted average circle-based diameter and a specific 
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substrate" to 

— wherein the needles have a weighted average circle-based 
diameter of from 0.01 to 10, 000 jjm and a weighted average aspect 
ration of 0.1 or more, and wherein the needles are present at a 
density of from 0.01 to 10,000 needles per unit area having a 
size of 10 pm x 10 jam at the upper surface of the substrate — 
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needles are present at a density of from 0.01 to 10, 000 needles 
per unit area having a size of 10 pm x 10 pm at the upper surface 
of the substrate. 

The specification has been amended to provide a cross- 
reference to the previously filed International Application. 
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in the description of the unit of electric resistivity. As well 
known in the art, the unit of electric resistivity is Q-m, but 
not Q/m. Entry of the present amendment and favorable action on 
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TITLE OF THE INVENTION 


Functional element for use in an electric. 


an electronic or an optical device and method 


for producing the same 


BACKGROUND OF THE INVENTION 


Field of the Invention 

The present invention relates to a functional ele- 
ment for use in an electric, an electronic or an opti- 
cal device. More particularly, the present invention 
is concerned with a functional element for use in an 
electric, electronic or an optical device, comprising a 
substrate having on an upper surface thereof a plural- 
ity of metal oxide needles extending upwardly of the 
upper surface of the substrate, with their respective 
central axes arranged substantially in parallel with 
each other, wherein the metal oxide needles have a 
specific weighted average circle-based diameter and a 
specific weighted average aspect ratio, and wherein the 
metal oxide needles are present at a specific density 
at the upper surface of the substrate. The present in- 
vention is also concerned with a method for producing 
the above-mentioned functional element. The functional 
element of the present invention has an advantage in 
that , although the metal oxide structure therein com- 
prised of the needles has a very large surface area. 


the metal oxide structure has a very small thickness. 
Therefore, the functional element of the present inven- 
tion can be very advantageously used as a component for 
an electric, an electronic or an optical device. 

Prior Art 

Metal oxides have various functional properties. 
By virtue of such various functional properties, metal 
oxides have been used in various fields. For example, 
metal oxides are used as components for an electric or 
an electronic device, such as a ceramic capacitor (mak- 
ing use of ferroelectric properties), a gas sensor 
(making use of resistance properties), and a magnetic 
tape and a magnetic head (making use of magnetic prop- 
erties). Further, in recent years, studies have been 
being made for using metal oxides as components for op- 
tical devices, for example, an optical switch (making 
use of optical waveguide properties) and an ultraviolet 
laser emission element (making use of light emission 
properties) . 

In general, the metal oxides used as components 
for an electric, an electronic or an optical device 
have a morphology containing a flat surface. For exam- 
ple, in a ceramic capacitor, a metal oxide having fer- 
roelectric properties (such as barium titanate) is used 


in the form of a laminate wherein the metal oxide is 
sandwiched between two flat electrodes. Further, in a 
magnetic tape, a metal oxide (such as chromium oxide) 
is used in the form of a film formed on a polymer film. 
With respect to the various uses of the metal oxides, 
it should be noted that, in some uses, the performance 
of the component employing a metal oxide can be greatly 
improved by increasing the surface area of the metal 
oxide employed. For example, in the case of a ceramic 
capacitor mentioned above, the most important property 
thereof is its capacitance. In the capacitor, a larger 
capacitance means an improved performance of the ca- 
pacitor. The capacitance of the capacitor is propor- 
tional to the surface area of the metal oxide used 
therein, and inversely proportional to the thickness of 
the metal oxide. That is, the larger the surface area 
of the metal oxide, the larger the capacitance of the 
capacitor, and, in addition, the thinner the metal ox- 
ide, the larger the capacitance of the capacitor. Be- 
cause of these characteristics of a metal oxide, most 
of the conventional ceramic capacitors on the market 
are prepared by laminating approximately 100 layers 
comprising electrode layers and metal oxide layers. 
That is, in a conventional capacitor, a high capaci- 
tance is obtained by a method in which the surface area 


of a metal oxide is increased by increasing the number 
of metal oxide layers, whereas the thicknesses of the 
electrode layers and the metal oxide layers are reduced 
to as small a value as possible. However, in the pre- 
paration of a capacitor, lamination of a large number 
of electrode layers and metal oxide layers is very dif- 
ficult from the viewpoint of productivity and economy. 

Such a problem would be able to be solved if it 
becomes possible to realize, for example, a capacitor 
containing only one metal oxide layer, wherein the 
metal oxide layer, on one hand, has a small thickness 
not larger than the total thickness of the large number 
of metal oxide layers of a conventional capacitor, and, 
on the other hand, has a large surface area (and hence 
a large capacitance) which is the same as or larger 
than the total surface area of the metal oxide layers 
of the conventional capacitor. Such a capacitor con- 
taining only one metal oxide layer is advantageous not 
only in that the productivity of the capacitor becomes 
high and the production cost becomes low, as compared 
to those of a conventional capacitor containing a large 
number of metal oxide layers, but also in that the ca- 
pacitance of the capacitor can be easily increased. 

As explained hereinabove by taking as one example 
the case of the capacitor, the development of a metal 


oxide structure having a large surface area while main- 
taining a small thickness will enable the production of 
an improved component for an electric, an electronic or 
an optical device. In addition, such a metal oxide 
5 structure is also expected to enable the development of 

new types of devices which can be used for producing 
new types of equipment . 

As a method for producing a metal oxide structure 
having a large surface area, there is known a method in 

10 which whiskers comprised of metal oxide needles are 

formed. For example. Unexamined Japanese Patent Appli- 
cation Laid-Open Specification No. 50-6597 discloses a 
method for producing zinc oxide whiskers, in which a 
zinc alloy (comprising zinc and a metal having a boil- 

15 ing point higher than that of zinc) or a mixture of 

these two metals is heated under an oxygen-containing 
atmosphere in the presence of a substrate, to thereby 
form whiskers comprised of zinc oxide needles on the 
surface of the substrate. In this prior art technique, 

20 the formed zinc oxide whiskers are cut off from the 

substrate and provided for use as reinforcements for 
resins, ceramics and the like, and as semiconductors. 
However, in this prior art document, there is no dis- 
closure suggesting that a structure comprising a sub- 

25 strate and whiskers formed thereon is used as a compo- 


nent for an electric or an electronic device or a com- 
ponent for an optical device. 

In addition, there is a report that nanocrystals 
of ZnO formed on the surface of a substrate are used as 
an ultraviolet laser emission element (see "Kotai 
Butsuri (Solid State Physics)", vol. 33, no. 1, pp. 59- 
64 (1998)). The nanocrystals of ZnO formed on the sur- 
face of a substrate each have a height of 5 nm and a 
circle-based diameter of 100 nm. That is, the ratio of 
the length of the crystal to the circle-based diameter 
of the cross-section thereof (length / circle-based 
diameter of cross-section) is as small as 0.05. There- 
fore, in this technique, the surface area of a metal 
oxide cannot be greatly increased unless the thickness 
of the metal oxide is greatly increased. 


SUMMARY OF THE INVENTION 
In this situation, the present inventors have made 
extensive and intensive studies with a view toward de- 
veloping a functional element for use in an electric, 
an electronic or an optical device, which comprises a 
substrate having a metal oxide structure formed on a 
surface thereof, wherein the metal oxide structure, on 
one hand, has a large surface area and, on the other 
hand, has a small thickness. As a result, the present 


inventors have successfully developed a functional ele- 
ment, which has been found to have excellent character- 
istics in that, although the metal oxide structure com- 
prised of the needles has a very small thickness, the 
metal oxide structure has an extremely large surface 
area. Specifically, the functional element comprises a 
substrate having on an upper surface thereof a plural- 
ity of metal oxide needles extending upwardly of the 
upper surface of the substrate, with their respective 
central axes arranged substantially in parallel with 
each other, wherein the needles have a weighted average 
circle-based diameter of from 0.01 to 10,000 pm and a 
weighted average aspect ratio of 0 . 1 or more and where- 
in the needles are present at a density of from 0.01 to 
10,000 needles per unit area having a size of 10 pm x 
10 pm at the upper surface of the substrate. The pre- 
sent inventors have also found that the above-mentioned 
functional element can be advantageously applied to 
various fields including the fields of elements for use 
in electric or electronic devices, such as an electron 
emission element of energy saving type (i.e., an elec- 
tron emission element having the capability of emitting 
electrons even under low voltages), a high-capacitance 
capacitor element, a high-density memory element and a 
high- sensitivity sensor element; and the fields of ele- 


8 

ments for use in optical devices, such as a laser emis- 
sion element (particularly a laser emission element 
emitting a small wavelength laser, such as an ultravio- 
let laser) and a highly integrated optical switch ele- 
ment. Based on the above findings, the present inven- 
tion has been completed. 

Accordingly, it is an object of the present inven- 
tion to provide a functional element for use in an 
electric, an electronic or an optical device, which 
comprises a substrate having a metal oxide structure 
formed on a surface thereof and has excellent charac- 
teristics in that the metal oxide structure, on one 
hand, has a large surface area and, on the other hand, 
a small thickness, so that the functional element can 
be very advantageously used as various types of high 
performance components for an electric, an electronic 
or an optical device. 

It is another object of the present invention to 
provide a method for effectively and efficiently pro- 
ducing the above-mentioned functional element. 

The foregoing and other objects, features and ad- 
vantages of the present invention will be apparent from 
the following detailed description and appended claims 
taken in connection with the accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
In the drawings : 

Fig. i^is a diagram showing a preferred example of 
production systems usable for producing the functional 
5 element of the present invention; 

Figs. 2 ( a ) and 2 (b) are photomicrographs taken 
by means of a scanning electron microscope (SEM), which 
show perspective views of the functional element pro- 
duced in Example 1 , wherein these two photomicrographs 
10 have different magnifications; 

Fig. 3 is an SEM photomicrograph showing a plan 
view of the functional element produced in Example 2; 

Fig. 4 is an SEM photomicrograph showing a plan 
view of the functional element produced in Example 3; 
15 Fig. 5 is an SEM photomicrograph showing a per- 

spective view of the functional element produced in Ex- 
ample 4 ; 

Fig. 6 is an SEM photomicrograph showing a per- 
spective view of the functional element produced in Ex- 
20 ample 5; 

Fig. ^7__is an SEM photomicrograph showing a per- 
spective view of the functional element produced in Ex- 
ample 6 ; and 

Fig. J3_is a vertical cross- sectional view of a 
25 circuit device which contains the functional element 
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( shown in Fig . 7 ) produced in Example 6 . 

(Description of Reference Numerals) 

1 : Substrate ( A1 2 0 3 ) 

5 2: Metal oxide needles (ZnO) 

3: Nickel (Ni) electrode formed by sputtering 
4 and 8 : Copper plate 

5: Insulating film 

6: Silicon (Si) plate 

10 7: Electroconductive paste 

DETAILED DESCRIPTION OF THE INVENTION 
In one aspect of the present invention, there is 
provided a functional element for use in an electric, 

15 an electronic or an optical device, comprising a sub- 

strate having on an upper surface thereof a plurality 
of metal oxide needles extending upwardly of the upper 
surface of the substrate, with their respective central 
axes arranged substantially in parallel with each other, 

20 wherein the metal oxide needles have a weighted 

average circle-based diameter of from 0.01 to 10,000 Jim, 
wherein the weighted average circle-based diameter is 
defined as the weighted average diameter of circles 
having areas equal to the areas of the cross -sections 

25 of the needles, the cross-sections being taken at the 


middle portions located at the 1/2 lengths of the 
needles and along a plane perpendicular to the central 
axes of the metal oxide needles, 

wherein the metal oxide needles have a weighted 
average aspect ratio of 0.1 or more, wherein the 
weighted average aspect ratio is defined as the ratio 
of the weighted average length of the needles to the 
weighted average circle-based diameter of the needles, 
and 

wherein the metal oxide needles are present at a 
density of from 0.01 to 10,000 needles per unit area 
having a size of 10 |im x 10 pm at the upper surface of 
the substrate. 

In another aspect of the present invention, there 
is provided a method for producing a functional element 
for use in an electric, an electronic or an optical de- 
vice, which comprises: 

(a) gasifying at least one metal compound having 
volatilizability or sublimability and having the capa- 
bility to react with at least one oxide-forming sub- 
stance to form a metal oxide corresponding to the metal 
compound, to thereby obtain a metal compound gas, and 

(b) applying the obtained metal compound gas onto 
a surface of a substrate which is placed in a reaction 
zone containing the oxide-forming substance and which 
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is heated to a temperature higher than the temperature 
of the metal compound gas, to thereby contact the sur- 
face of the substrate with the metal compound gas in 
the presence of the oxide-forming substance for a peri- 
5 od of time sufficient to grow a plurality of metal ox- 

ide needles on the surface of the substrate and form 
the functional element of the present invention. 

For easy understanding of the present invention, 
the essential features and various preferred embodi- 
10 ments of the present invention are enumerated below. 

1. A functional element for use in an electric, an 
electronic or an optical device, comprising: 

a substrate having on an upper surface thereof a 

15 plurality of metal oxide needles extending upwardly of 

the upper surface of the substrate, with their respec- 
tive central axes arranged substantially in parallel 
with each other, 

the needles having a weighted average circle-based 

20 diameter of from 0.01 to 10,000 pm, wherein the weight- 

ed average circle -based diameter is defined as the 
weighted average diameter of circles having areas equal 
to the areas of the cross-sections of the needles, the 
cross -sections being taken at the middle portions lo- 

25 cated at the 1/2 lengths of the needles and along a 


plane perpendicular to the central axes of the needles, 
the needles having a weighted average aspect ratio 
of 0.1 or more, wherein the weighted average aspect ra- 
tio is defined as the ratio of the weighted average 
5 length of the needles to the weighted average circle - 

based diameter of the needles, 

the needles being present at a density of from 
0.01 to 10,000 needles per unit area having a size of 
10 p x 10 lim at the upper surface of the substrate. 

10 

2. The functional element according to item 1 above, 
wherein the metal oxide needles are secured to each 
other by means of at least one substance selected from 
the group consisting of an organic substance, an inor- 
15 ganic substance and a metal. 


3. The functional element according to item 1 above, 
which is an electron emission element for use in an 
electric or an electronic device. 

4. The functional element according to item 1 above, 
which is a capacitor element for use in an electric or 
an electronic device. 


25 


5. The functional element according to item 1 above. 
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which is a memory element for use in an electric or an 
electronic device , 

6. The functional element according to item 1 above, 
which is a sensor element for use in an electric or an 
electronic device . 

7. The functional element according to item 1 above, 
which is a laser emission for use in an optical device. 

8. The functional element according to item 1 above, 
which is an optical switch element for use in an opti- 
cal device . 

9 . A method for producing a functional element for 
use in an electric, an electronic or an optical device, 
which comprises: 

(a) gasifying at least one metal compound having 
volatilizability or sublimability and having the capa- 
bility to react with at least one oxide-forming sub- 
stance to form a metal oxide corresponding to the metal 
compound, to thereby obtain a metal compound gas, and 

(b) applying the obtained metal compound gas onto 
a surface of a substrate which is placed in a reaction 
zone containing the oxide-forming substance and which 


15 

is heated to a temperature higher than the temperature 
of the metal compound gas, to thereby contact the sur- 
face of the substrate with the metal compound gas in 
the presence of the oxide-forming substance for a peri- 
5 od of time sufficient to grow a plurality of metal ox- 

ide needles on the surface of the substrate and form 
the functional element of item 1 above. 


10. The method according to item 9 above, wherein, in 
10 step (b), the metal compound gas is applied together 

with a carrier gas . 


11. The method according to item 9 above, wherein the 
reaction zone contains air at atmospheric pressure. 

15 

12. The method according to item 9 above, wherein the 
metal moiety of the metal compound is comprised of at 
least one element selected from the group consisting of 
elements belonging to Groups 1 to 15 of the Periodic 

20 Table, exclusive of hydrogen, boron, carbon, nitrogen, 

phosphorus and arsenic. 
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13. The method according to item 9 above, wherein the 
metal moiety of the metal compound is comprised of at 
least one element selected from the group consisting of 


zinc, silicon, aluminum, tin, titanium, zirconium and 
lead. 

Hereinbelow, the present invention will be de- 
scribed in detail. 

First, an explanation is made with respect to the 
functional element of the present invention for use in 
an electric, an electronic or an optical device. 

The functional element of the present invention 
comprises a substrate having on an upper surface there- 
of a plurality of metal oxide needles (i.e., metal ox- 
ide whiskers) extending upwardly of the upper surface 
of the substrate, with their respective central axes 
arranged substantially in parallel with each other. 
The metal oxide needles may have various morphologies , 
such as a cone-shaped protrusion, a rod, a prism and 
the like. With respect to the thickness of the metal 
oxide needles, it is preferred that the metal oxide 
needles have a weighted average circle -based diameter 
of from 0.01 to 10,000 pm, more advantageously from 
0.01 to 100 ]im, most advantageously from 0.1 to 10 Jim. 
The weighted average circle-based diameter is defined 
as the weighted average diameter of circles having ar- 
eas equal to the areas of the cross -sections of the 
needles, the cross -sections being taken along planes 


perpendicular to the central axes of the needles, at 
the middle portions located at the 1/2 lengths of the 
needles. Specifically, the weighted average circle- 
based diameter is calculated as follows . The area of 
the cross-section of a needle is calculated by a con- 
ventional method, such as an image analysis. The ob- 
tained area of the cross-section is divided by the cir- 
cular constant it, and, with respect to the resultant 
value, a square root thereof is obtained. By doubling 
the obtained square root value, a circle -based diameter 
of the needle is obtained. Based on the obtained cir- 
cle-based diameters of the needles, the weighted aver- 
age circle-based diameter is obtained. When the 
weighted average circle-based diameter of the metal ox- 
ide needles is less than 0.01 inn, it is difficult to 
stably grow the metal oxide needles on the surface of 
the substrate. When the weighted average circle-based 
diameter is more than 10,000 pm, the desired effect of 
the surface area increase cannot be satisfactorily 
achieved by the metal oxide needles . 

The metal oxide needles have a weighted average 
aspect ratio (hereinafter, frequently referred to sim- 
ply as an "aspect ratio") of 0.1 or more, preferably 
0.5 or more, more preferably 1.0 or more, wherein the 
aspect ratio is defined as the ratio of the weighted 
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average length of the needles to the weighted average 
circle-based diameter of the needles. When the aspect 
ratio is less than 0.1, the effect of the surface area 
increase cannot be achieved by the metal oxide needles . 
The aspect ratio is preferably 100,000 or less, more 
preferably 10,000 or less, still more preferably 1,000 
or less. 

With respect to the weighted average length of the 
metal oxide needles, there is no particular limitation ♦ 
The desired weighted average length of the metal oxide 
needles varies depending on the use of the functional 
element. However, in general, the weighted average 
length of the metal oxide needles is preferably from 
0.1 to 10,000 jam, more preferably from 1 to 1,000 \im. 
When the weighted average length is less than 0.1 pm, 
the effect of the surface area increase cannot be sat- 
isfactorily achieved by the metal oxide needles. When 
the weighted average length is more than 10,000 pm, it 
is difficult for the functional element to have a sat- 
isfactory strength. However, even when the weighted 
average length is more than 10,000 pm, as described be- 
low, a satisfactory strength of the functional element 
can be achieved by securing the metal oxide needles to 
each other by means of an organic substance, an inor- 
ganic substance or the like. 


In the present invention r with respect to the 
metal oxide needles, the weighted average circle-based 
diameter, the weighted average length and the weighted 
average aspect ratio are obtained, based on an SEM ob- 
servation which is made by the following method- First, 
with respect to a sample of the functional element , the 
sample is substantially vertically cut along a plane 
including the center of the upper surface of the sample 
and extending in parallel to the longitudinal axis of a 
certain metal oxide needle, to thereby obtain a cut 
sample in which a substantially vertical cross -section 
of the substrate of the functional element is exposed. 
The cut sample is observed through an SEM, in which the 
direction of view is toward the cross -section of the 
substrate. The observation is made with respect to the 
field of view which extends over 100 \xm on both sides 
of the above-mentioned center of the upper surface of 
the sample (200 pm in total) as viewed on the cross- 
section of the substrate. Only the metal oxide needles 
each exhibiting a completely observable profile (i.e., 
only the needles each allowing an observation of a com- 
plete profile thereof without being obstructed by other 
needles) are selected. The weighted average circle- 
based diameter and the weighted average length of the 
selected metal oxide needles are obtained. The weight- 


20 

ed average aspect ratio of the metal oxide needles is 
obtained as the ratio of the weighted average length of 
the needles to the weighted average circle -based diame- 
ter of the needles . 

With respect to the morphology of the metal oxide 
needles, there is no particular limitation as long as 
the aspect ratio of the metal oxide needles is 0.1 or 
more. For example, when the metal oxide needle is of a 
rod shape, the detailed morphology of the rod- shaped 
needle is not particularly limited. Examples of de- 
tailed morphologies of the rod- shaped needle include: a 
morphology wherein the needle has a diameter which is 
uniform throughout the entire length thereof; a mor- 
phology wherein the needle has a diameter which is uni- 
form from a lower end thereof to an intermediate por- 
tion of the length thereof ; a morphology wherein the 
needle has a diameter which increases from a lower end 
thereof to an intermediate portion of the length there- 
of and which gradually decreases from the intermediate 
portion of the length thereof to an upper end thereof; 
a morphology wherein the needle has a diameter which 
gradually decreases from a lower end thereof to an up- 
per end thereof; and a morphology wherein the upper end 
portion of the needle has the morphology of a pyramid, 
a truncated pyramid, a circular cone, a truncated cir- 


cular cone or a hemisphere. When the needle has the 
morphology of a prism, the specific form of the prism 
may vary depending on the crystal structure of the 
metal oxide. For example, when the metal oxide is zinc 
oxide, the metal oxide needle tends to have the mor- 
phology of a hexagonal prism. When the metal oxide is 
aluminum oxide, the metal oxide needle tends to have 
the morphology of a quadrilateral or a hexagonal prism. 
When the metal oxide is titanium oxide, the metal oxide 
needle tends to have the morphology of a quadrilateral 
prism. The metal oxide needle may have the morphology 
of a polygonal prism other than quadrilateral and hexa- 
gonal prisms . 

There is no particular limitation with respect to 
the morphology of an upper end of the metal oxide nee- 
dle. When the needle has a flat surface at an upper 
end thereof, the upper end portion of the needle has 
the morphology of, for example, a truncated circular 
cone, a truncated pyramid or the like. When an upper 
end of the needle forms a line or lines like a ridge - 
line or ridgelines, the upper end portion of the needle 
has a morphology comprising two or more planes wherein 
adjacent planes are connected with each other through a 
side or sides as the ridgeline or ridgelines. When the 
needle is pointed at an upper end thereof, the upper 


end portion of the needle has the morphology of a pyra- 
mid, a circular cone or the like. The preferred mor- 
phology of an upper end of the metal oxide needle vari- 
es depending on the use of the functional element . For 
example, when the functional element of the present in- 
vention is used as an electron emission element, it is 
preferred that the metal oxide needles have pointed up- 
per ends, since such needles can easily emit electrons. 
It is a well-known phenomenon that a lightning conduc- 
tor rod, which has a pointed tip, can be easily hit by 
a stroke of lightning. Further, the present inventors 
have confirmed that, when a voltage is applied to an 
object in order to cause the object to emit electrons, 
the emission of electrons also can be achieved easily 
in the case where the object has a pointed tip (i.e., a 
circular cone-shaped tip), as compared to the case 
where the object has a non-pointed tip. 

In the functional element of the present invention, 
it is required that the metal oxide needles extend up- 
wardly of an upper surface of the substrate, with their 
respective central axes (crystal axes extending in the 
longitudinal direction, when the needles are crystals) 
arranged substantially in parallel with each other. It 
is preferred that the needles have substantially the 
same length. For example, in the case where the func- 


tional element of the present invention is an electron 
emission element for use in an electric or an elec- 
tronic device, the functional element has the high 
ability to emit electrons when the respective central 
axes of the needles are arranged substantially in par- 
allel with each other, as compared to the electron em- 
ission ability obtained when the respective central 
axes of the needles are not arranged substantially in 
parallel with each other. The reason for this is as 
follows. If the respective central axes of the needles 
are not arranged in parallel with each other, the 
needles have different heights. If the needles have 
different heights, needles having a smaller height do 
not emit electrons and only needles having a larger 
height emit electrons from their upper ends . When the 
metal oxide needles have their respective central axes 
arranged substantially in parallel with each other, the 
number of tips capable of emitting electrons is likely 
to be increased, so that the capability of the func- 
tional element to emit electrons is increased, leading 
to an improvement in the electron emission ability. 
Further, when the metal oxide needle has the morphology 
of a prism, it is preferred that mutually opposite 
faces of the prism have portions which are in parallel 
with each other. For example, in the case where the 


functional element of the present invention is a laser 
emission element for use in an optical device, when mu- 
tually opposite faces of the prism- shaped needle have 
portions which are in parallel with each other, the 
functional element has the higher ability to emit laser. 

Examples of materials for the substrate of the 
functional element include single crystals of metal ox- 
ides (such as aluminum oxide), single crystals of semi- 
conductors, ceramics, silicon, metals (such as Fe and 
Ni) , glasses and plastics. With respect to the thick- 
ness of the substrate, there is no particular limita- 
tion; however, it is preferred that the substrate has a 
thickness of from 10 iam to 100 mm. A substrate for use 
in the functional element of the present invention can 
be prepared by, for example, a method in which a com- 
mercially available product of any desired one of the 
above-mentioned materials is obtained, and the obtained 
product is cut and, if desired, subjected to a secon- 
dary processing. With respect to each of the morpholo- 
gy and size of the substrate, there is no particular 
limitation as long as the substrate has a substantially 
flat surface suitable for growing the metal oxide 
needles thereon. The morphology of the substrate is 
not particularly limited, and any of various morpholo- 
gies can be employed, such as a plate and a prism (such 
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as a rectangular or a triangular prism) . Further, the 
desired size of the substrate largely varies depending 
on the use of the functional element, and a substrate 
having any desired size can be used. (For example, the 
5 magnitude of the dimensions determining the size of the 

substrate may be on the order of several tens of meters 
or may be on the order of millimeters . ) 

In the functional element of the present invention, 
the metal oxide needles are present at a density of 

10 from 0.01 to 10,000 needles per unit area having a size 

of 10 pm x 10 jim at the upper surface of the substrate. 
The density of the needles is preferably from 0.1 to 
10 , 000 needles, more preferably from 1 to 10 , 000 nee- 
dles. When the density of the needles is less than 

15 0.01 needle, the effect of the surface area increase is 

not satisfactory. The higher the density of the nee- 
dles, the larger the surface area of the metal oxide 
needles. However, when the density is more than 10,000 
needles, the thickness of each of the metal oxide 

20 needles must be reduced, so that the metal oxide 

needles cannot have a sufficient strength for practical 
use . 

With respect to the metal moiety of the metal ox- 
ide needles of the functional element of the present 
25 invention, it is preferred that the metal moiety is 


comprised of at least one element selected from the 
group consisting of elements belonging to Groups 1 to 
15 of the Periodic Table, exclusive of hydrogen (be- 
longing to Group 1) , boron (belonging to Group 13), 
carbon (belonging to Group 14), nitrogen (belonging to 
Group 15), phosphorus (belonging to Group 15) and arse- 
nic (belonging to Group 15). Specific examples of such 
metals include Li, Na, K, Rb, Cs , Be, Mg, Ca, Sr, Ba, 
Al, Ga, In, Tl, Si, Ge, Sn, Pb, Sb, Bi, Sc, Y, La, Th, 
Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tin, Yb, Lu, 
Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Tc, Re, Fe, Ru, 
Os, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, Au, Zn, Cd and Hg, 
each of which can constitute at least a part of the 
metal moiety of the metal oxide. Of these metals, 
preferred are Li, Na, K, Rb, Cs, Be, Mg, Ca, Sr, Ba, Al, 
Ga, In, Tl, Si, Ge, Sn, Pb, Sb, Bi, Sc, Y, La, Ce, Th, 
Ti, Zr, V, Nb, Ta, Cr, Mo, W, Mn, Re, Fe , Ru, Os , Co, 
Rh, Ir, Ni, Pd, Pt , Cu, Ag, Au, Zn, Cd and Hg. More 
preferred are Li, K, Mg, Ca, Sr, Ba, Al, In, Si, Sn, Pb, 
Th, Y, Ce, Ti, Zr, V, Nb, Ta, Cr, Mo, W, Mn, Fe, Co, Ni, 
Pd, Pt, Cu, Ag, Zn and Cd. Still more preferred are Si, 
Al, Sn, Ti, Zr, Pb and Zn, since, when Si, Al, Sn, Ti, 
Zr, Pb or Zn constitutes at least a part of the metal 
moiety of the metal oxide, the functional element of 
the present invention is especially suitable for use in 


an electric, an electronic or an optical device. The 
above-mentioned metals can be used individually or in 
combination. Specific examples of metal oxides include 
MgO, A1 2 0 3 , ln 2 0 3/ Si0 2 , Sn0 2 , Ti0 2 , ZnO, barium titan- 
ate, SrTi0 3 , PZT, YBCO, YSZ , YAG and ITO (In 2 0 3 /Sn0 2 , 
i.e., indium tin oxide). Further, an alkali metal can 
be used in combination with another metal, such as Ta 
or Nb. The combinations of an alkali metal with Ta or 
Nb can be used in the form of compound oxides, such as 
LiNi0 3 , KTa0 3 and NbLi0 3 . 

The metal oxide needles of the functional element 
of the present invention may or may not be crystalline; 
however, it is preferred that the metal oxide needles 
are crystalline. When the metal oxide needle is crys- 
talline, the crystalline form of the metal oxide needle 
may be any form selected from the group consisting of a 
single crystal, a combination of two or more single 
crystals, a polycrystal, a semicrystal having both a 
non-crystalline portion and a crystalline portion, and 
a mixture thereof. Of these crystals, a single crystal 
is especially preferred. 

When two or more types of metal oxides are used, 
these metal oxides may be mixed with each other to form 
a single layer, or may be in the form of a laminate 
composed of different metal oxide layers. 
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The functional element of the present invention is 
comprised mainly of a substrate having on an upper sur- 
face thereof a plurality of metal oxide needles ex- 
tending upwardly of the upper surface of the substrate. 
However, depending on the production conditions of the 
functional element , a flat film of a metal oxide may be 
formed between the substrate and the metal oxide nee- 
dles. That is, it is possible that the functional ele- 
ment has a structure wherein a film of a metal oxide is 
formed on an upper surface of the substrate, and metal 
oxide needles are grown on and extend upwardly of the 
metal oxide film. The functional element of the pre- 
sent invention may have such a structure. 

Hereinbelow, an explanation is made with respect 
to a preferred method for producing the functional ele- 
ment of the present invention for use in an electric, 
an electronic or an optical device. 

The functional element of the present invention 
can be produced by a method which comprises gasifying a 
metal compound as a raw material for the metal oxide 
needles to thereby obtain a metal compound gas, and 
contacting the obtained metal compound gas with a sub- 
strate in the presence of an oxide-forming substance. 
More particularly, the functional element of the pre- 
sent invention can be produced by a method which com- 
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prises: gasifying at least one metal compound having 
volatilizability or sublimability and having the capa- 
bility to react with an oxide-forming substance to form 
a metal oxide, to thereby obtain a metal compound gas; 
5 and applying the obtained metal compound gas onto a 

surface of a substrate through a nozzle or the like, 
thereby contacting the surface of the substrate with 
the metal compound gas in the presence of the oxide- 
forming substance so that a plurality of metal oxide 

10 needles can grow on the surface of the substrate. In 

the present invention, the term "oxide -forming sub- 
stance" means a substance which is capable of reacting 
with a metal compound as a raw material for metal oxide 
needles, to form a metal oxide finally, wherein the ox- 

15 ide-forming substance is a substance which reacts with 

the metal compound in the first stage. For example, 
when zinc acetylacetonate (Zn(C 5 H 7 0 2 ) 2 ) , which is a 
metal compound, is reacted with water (H 2 0) , an oxide 
(ZnO) can be finally formed through a reaction route 

20 which is presumed to be comprised of a two-step reac- 

tion represented by the following formulae: 
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Zn(C 5 H 7 0 2 ) 2 + H 2 0 -> Zn(OH) 2 + 2C 5 H 8 0 2 

and 

Zn(OH) 2 ZnO + H 2 0. 
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As can be seen from the above, water is an example of 
the oxide-forming substance used in the present inven- 
tion. 

5 In the production of the functional element of the 

present invention, for growing a plurality of metal ox- 
ide needles on a surface of a substrate, it is required 
that the application of a metal compound gas onto the 
surface of the substrate be performed while keeping the 

10 substrate under conditions wherein the substrate is 

placed in a reaction zone containing an oxide-forming 
substance and is heated to a temperature higher than 
the temperature of the metal compound gas. It is 
preferred that the reaction zone contains air at atmos- 

15 pheric pressure. It is also preferred that the metal 

compound gas is applied together with a carrier gas 
which is comprised of an inert gas, such as nitrogen 
gas. It is required that the contacting of the surface 
of the substrate with the metal compound gas be per- 

20 formed for a period of time sufficient to grow a plu- 

rality of metal oxide needles on the surface of the 
substrate and form the functional element of the pre- 
sent invention, wherein the functional element compris- 
es a substrate having on an upper surface thereof a 

25 plurality of metal oxide needles extending upwardly of 


the upper surface of the substrate, with their respec- 
tive central axes arranged substantially in parallel 
with each other, and must satisfy the features wherein 
the metal oxide needles have a weighted average circle - 
based diameter of from 0.01 to 10,000 pm and a weighted 
average aspect ratio of 0.1 or more and wherein the 
metal oxide needles are present at a density of from 
0.01 to 10,000 needles per unit area having a size of 
10 |im x 10 at the upper surface of the substrate. 

When the production of the functional element of 
the present invention by the above-mentioned method is 
conducted on a commercial scale, from the viewpoint of 
economy and technical ease, it is preferred that the 
reaction zone in which the substrate is placed contains 
air, and the metal compound gas reacts with an oxide - 
forming substance (such as oxygen, water or ammonia) 
contained in the air in the reaction zone to grow the 
metal oxide needles on the surface of the substrate. 
Further, from the viewpoint of reducing the equipment 
cost for the production, it is more preferred that the 
reaction zone is under atmospheric pressure. The pre- 
sent inventors have designated the above-mentioned pro- 
duction method using air at atmospheric pressure as an 
"atmospheric CVD method". It is known that a CVD 
(chemical vapor deposition) method is generally employ- 
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ed for forming metal oxide crystals on a surface of a 
substrate. However, the conventional CVD method is 
generally conducted under vacuum. In the CVD method 
performed under vacuum, when a metal compound gas is 
applied onto a surface of a substrate, the concentra- 
tion of the metal compound gas present on the surface 
of the substrate is extremely low due to the vacuum 
conditions. Therefore, in the CVD method performed un- 
der vacuum, if it is intended, for example, to grow 
metal oxide structures on the surface of the substrate, 
a very long period of time is needed for growing crys- 
tals or noncrystals of a metal oxide on the surface of 
the substrate until metal oxide needles are formed 
thereon. Further, there has been no attempt to grow 
metal oxide needles on a surface of a substrate by the 
CVD method under vacuum. The present inventors have 
found for the first time that, by the atmospheric CVD 
method developed by the present inventors , a metal com- 
pound gas can be applied in a high concentration onto a 
surface of a substrate due to the atmospheric pressure 
conditions, so that a metal oxide grows at a high rate 
on the surface of the substrate, thereby obtaining 
metal oxide needles on the surface of the substrate in 
a short time. Further, the present inventors have made 
studies on preferred conditions under which the metal 
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oxide needles can be formed at a high density on an up- 
per surface of the substrate, wherein the metal oxide 
needles extend upwardly of the upper surface of the 
substrate, with their respective central axes arranged 
5 substantially in parallel with each other. As a result, 

it has been found that the functional element of the 
present invention can be easily obtained by appropri- 
ately controlling various conditions, such as the tem- 
perature of the metal compound gas, the concentration 

10 of the metal compound gas applied onto the surface of 

the substrate, the application rate of the metal com- 
pound gas, and the temperature of the substrate. 

As described above. Unexamined Japanese Patent Ap- 
plication Laid-Open Specification No. 50-6597 discloses 

15 a method for producing zinc oxide whiskers, in which a 

zinc alloy (comprising zinc and a metal having a boil- 
ing point higher than that of zinc) or a mixture of 
these two metals is heated under an oxygen- containing 
atmosphere in the presence of a substrate, to thereby 

20 form whiskers comprised of zinc oxide needles on the 

surface of the substrate. Although this prior art 
document does not have a clear description of the pro- 
duction method used therein, in this prior art tech- 
nique, a metal oxide is formed on a substrate ( specif i- 

25 cally, on the inner wall surface of the apparatus used 


for the production) under atmospheric pressure. How- 
ever, in this prior art technique, the obtained whisk- 
ers are cut off from the substrate {i.e., the inner 
wall surface of the apparatus) and provided for use as 
a reinforcement for a resin or a ceramic. In this pri- 
or art document, there is totally no suggestion that a 
structure comprising a substrate and metal oxide 
needles formed thereon is used as a functional element 
for an electric, an electronic or an optical device. 

As mentioned above, the metal compound used as a 
raw material for forming metal oxide needles in the 
production of the functional element of the present in- 
vention has volatilizability or sublimability and has 
the capability to react with the above-mentioned oxide - 
forming substance (such as oxygen or water contained in 
the atmosphere) to form a metal oxide corresponding to 
the metal compound. In the present invention, the 
above-mentioned term "metal compound" is intended to 
cover a metallic simple substance. Further, in the 
present invention, at least a part of the oxide-forming 
substance contained in the reaction zone in which the 
substrate is placed may be comprised of a substance 
(such as ozone) which is usually not present in the at- 
mosphere . 

Examples of metal compounds include: alkoxides, 


which are obtained by substituting the hydrogen atom of 
the hydroxyl group of an alcohol with an atom of a 
metal or a metal-like element; complexes comprising an 
atom of a metal or a metal-like element and at least 
one ligand selected from the group consisting of ace- 
tylacetone , ethylenediamine , bipiperidine , bipyrazine , 
cyclohexanediamine , tetraazacyclotetradecane , ethylene- 
diaminetetraacetic acid, ethylenebis ( guanido) , ethyle- 
nebis ( salicylamine ) , tetraethyleneglycol , aminoethanol , 
glycine , triglycine , naphthyridine , phenanthroline , 
pentanediamine , pyridine, salicylaldehyde , sali- 
cylideneamine , porphyrin, thiourea; metal carbonyl com- 
pounds comprising a metal (such as Fe, Cr, Mn, Co, Ni, 
Mo, V, W or Ru) and a carbonyl group as a ligand; metal 
compounds having at least one ligand selected from the 
group consisting of a carbonyl group, an alkyl group, 
an alkenyl group, a phenyl group, an alkylphenyl group, 
an olefin group, an aryl group, a conjugated diene 
group (such as a cyclobutadiene group), a dienyl group 
(such as a cyclopentadienyl group), a triene group, an 
arene group and a trienyl group ( such as a cyclohepta- 
trienyl group); and metal halide compounds- Of these 
compounds , metal acetylacetonate compounds and metal 
alkoxides are preferred. 

Further examples of complexes used as the metal 
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compound in the method of the present invention include 
metal compounds comprising a metal and at least one li- 
gand selected from the group consisting of (3-diketones , 
keto esters, hydroxycarboxylic acids and salts thereof, 
various types of Schiff bases, keto alcohols, poly- 
amines, alkanolamines , compounds having an enol-type 
active hydrogen, dicarboxylic acids, glycols and ferro- 
cenes . 

Specific examples of compounds as ligands in com- 
plexes used as the metal compound in the method of the 
present invention include acetylacetone, ethylenedi- 
arnine , triethylenediamine , ethylenetetramine , 
bipiperidine , cyclohexanediamine , t etraazacyclote trade - 
cane, ethylenediaminetetraacetic acid, ethylene- 
bis ( guanido ) , ethylenebis ( salicylamine ) , tetraethyle- 
neglycol, diethanolamine , triethanolamine, tartaric 
acid, glycine, triglycine, naphthyridine , phenanthro- 
line, pentanediamine, salicylaldehyde, catechol, por- 
phyrin , thiourea, 8-hydroxyquinoline , 8-hydroxyquinal- 
dine, (3-aminoethylmercaptan, bisacetylacetoneethylene- 
diimine, Eriochrome Black T, oxine, salicylaldehyde ox- 
ime quinaldinate, picolinic acid, dimethylglyoximato, 
dimethylglyoxime, a-benzoin oxime, N , N T -bis ( 1 -methyl - 
3 - oxobu tylidene ) e thylenediamine , 3 - ( ( 2 - aminoethyl ) - 
amino) -1-propanol, 3- (aminoethylimino) -2 -butane oxime, 


alanine , N , N ' -bis - ( 2 - aminobenzylidene ) ethylenediamine , 
a-amino-cc-methylmalonic acid, 2-( { 3-aminopropyl) - 
amino ) ethanol , aspartic acid, 1 -phenyl- 1 , 3 , 5- 
hexanetrione , 5, 5 f - ( 1 , 2-ethanediyldinitrilo)bis ( 1- 
phenyl-1 , 3-hexanedione) , 1, 3-bis{bis( 2- ( 1-ethylbenz- 
imidaz olyl ) methyl ) amino } - 2 - propanol , 1,2- bis ( pyridine - 
a- aldimino ) ethane , 1,3 - bis ( bis ( 2 -pyridylethyl ) amino - 
methyl ) benzene , 1 , 3 -bis- (bis ( 2 -pyridylethyl ) amino - 
methyl ) phenol , 2 , 2 1 - bipiperidine , 2,6 -bis ( bis ( 2 - 
pyridylmethyl ) aminomethyl ) - 4 -me thylphenol , 2,2'- 
bipyridine, 2,2' -bipyrazine, hydro- tris( 1-pyrazolyl) - 
borate ion, catechol, 1 , 2-cyclohexanediamine, 1,4,8,11- 
tetraazacyclododecane , 3,4:9, 10 -dibenzo- 1 ,5,8, 12 - tetra- 
azacyclotetradecane-1 , 11-diene, 2 , 6-diacetylpyridine 
dioxime, dibenzylsulf ide , N- (2- (diethylamino) ethyl) -3- 
amino-1 -propanol, o-phenylene bis (dime thy lphosphine) , 
2- ( 2- ( dimethylamino) ethylthio ) ethanol, 4 , 4 T -dimethyl- 
2,2' -bipyridine, N,N' -dimethyl- 1 , 2-cyclohexanediamine, 
dimethylglyoxime , 1 , 2 -bis ( dime thy lphosphino ) ethane , 
1 , 3 -bis ( diacetylmonooximeimino) propane, 3,3' -tri- 
methylenedinitrobis( 2-butane oxime) 1, 5-diamino-3- 
pentanoldipivaroylmethane , 1 , 2 -bis ( dipheny lphosphino ) - 
ethane, diethyldithiocarbamate ion, N,N' -bis( 2- (N,N" - 
diethylaminoethyl ) aminoe thyl ) - oxamide , ethylenedi - 
aminet etr aace t ic acid , 7 -hydroxy- 4 -methyl - 5 - azahept ane - 
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4-ene-2-one, 2-aminoethanol, N,N' -ethylenebis( 3- 
carboxysalicylideneamine) , 1 , 3-bis( 3-f ormyl- 5 -methyl - 
salicylideneamino ) propane , 3 - glycylamino - 1 -propanol , 
glycylglycine , N 1 - ( 2-hydroxyethyl) ethylenediamine- 
tr iacetic acid , hexaf luoroacetylacetone , histidine , 
5 , 26 : 13 , 18-diimino-7 , 11 : 20 , 24-dinitrodibenzo(c , n) - 
1,6,12, 17-tetraazacyclodocosyne, 2 , 6-bis (N- ( 2-hydroxy- 
phenyl ) iminomethyl ) -4-methylphenol, 5, 7, 12, 12, 14- 
hexamethyl-1 f 4,8, 11- tetraazacyclotetradecane-N,N" - 
diacetic acid, 1 , 2-dimethylimidazole, 3 , 3 T -ethylene- 
bis ( iminomethylidene ) -di- 2 , 4 -pentanedione , N , N 1 -bis ( 5 - 
amino - 3 -hydroxypenty 1 ) malonamide , methionine , 2 - 
hydroxy- 6 -methylpyridine, methyliminodiacetic acid, 
1 , l-dicyanoethylene-2 , 2-dithiol, 1 , 8-naphthyridine , 
3 - ( 2 -hydroxyethylimino ) - 2 -butanone oxime , 
2,3,7,8,12,13,17, 18-octaethylporphyrin , 
2,3,7,8,12,13,17, 18-octamethylporphyrin , oxalic acid, 
oxamide, 2-pyridylaldoxime, 3- (2- (2-pyridyl)ethyla- 
mino) -1-propanol, 3- ( 2-pyridylethylimino) -2-butanone 
oxime, 2-picolylamine, 3- (2-pyridylmethylimino) -2- 
butanone oxime, dihydrogen diphosphite ion, 3-n- 
propylimino- 2 -butanone oxime, proline, 2,4-pentane- 
diamine , pyridine , N , N 1 - dipyridoxylidenee thylenediamine , 
N-pyridoxylideneglycine, pyridine~2-thiol, 1 , 5-bis- 
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( salicylideneamino ) -3 -pentanol , salicylaldehyde , N- 
salicylidenemethylamine , salicylic acid, N- 
( salicylidene ) -N 1 - ( 1 -methyl- 3 -oxobutylidene) ethylene- 
diamine, salicylideneamine, N,N 1 -disalicylidene-2 , 2 1 - 
biphenediamine, N,N* -disalicylidene-2-methyl-2- ( 2- 
benzylthioethyl) ethylenediamine, N,N* -disalicylidene-4- 
aza-1 , 7-heptanediamine, N,N T -disalicylideneethylene- 
diamine, N-salicylideneglycine, s alley laldoxime, N,N" - 
disalicylidene-o-phenylenediamine , N , N 1 -disalicylidene- 
trimethylenediamine , 3 - salicylideneamino - 1 -pr opanol , 
tetrabenzo(b, f , j ,n) -1 , 5 , 9 , 13-tetraazacyclohexadecyne, 
1 , 4 , 7-triazacyclononane, 5 , 14-dihydrodibenzo (b , i) - 
1,4,8, 11-tetraazacyclotetradecyne f tris( 2-benz- 
imidazolylmethyl) amine, 6,7,8,9,16,17,18, 19-octahydro- 
dicyclohepta(b, j ) -1 , 4 f 8 , 11-tetraazacyclotetradecene, 
4 , 6 , 6-trimethyl-3, 7-diazanone-3-ene-l , 9-diol , tris( 3 , 5- 
dimethyl-l-pyrazolylmethyl) amine, 2,2' :6' ,2" - 
terpyridine , 5,7,7,12,14, 14-hexamethyl- 1,4,8, 11- 
tetraazacyclotetradecane , tetrahydrof uran , tris ( 2 - 
pyridylmethyl ) amine , N , N f N ' , N 1 - tetramethylurea , N , N 1 - 
bis( 3-aminopropyl)oxamide, N,N,N' ,N* -tetrakis(2- 
pyridylmethyl } e thy lenediamine , all - cis - 5 , 10, 15,20- 
tetrakis( 2- ( 2 , 2 1 - dime thy Ipropionamido) phenyl) porphyrin, 
5,10,15, 20-tetraphenylporphyrin, 1 , 4 , 7-tris ( 2-pyridyl- 
me thyl ) - 1 , 4 , 7 - 1 riaz acyclononane , hydrot r is ( 1 - 


pyrazolyl) borate, 3,3' , 4-trimethyldipyrromethene, tri- 
methylenediaminetetraacetic acid, 3,3' ,5,5' -tetra- 
methyldipyrromethene , and 5, 10 , 15 , 20-tetrakis(p- 
tolylporphyrin) . 

As mentioned above, in the functional element of 
the present invention, it is required that the metal 
oxide needles extend upwardly of the upper surface of 
the substrate, with their respective central axes ar- 
ranged substantially in parallel with each other. The 
parallelism of the respective central axes of the metal 
oxide needles can be measured by the X-ray locking cur- 
ve method. It is preferred that the leaning angles of 
the metal oxide needles are each 10 degrees or less, 
more advantageously each 5 degrees or less, wherein the 
leaning angles of the metal oxide needles are defined 
as angles at which the central axes lean away from a 
straight line extending in a direction vertical to the 
surface of the substrate. In many cases, the leaning 
angles of the metal oxide needles vary depending on the 
type of the substrate used in the functional element of 
the present invention. It is preferred to use as the 
substrate a material selected from metals (including 
silicon) , metal oxides and semiconductor single crys- 
tals (such as ZnTe, GaP, GaAs and InP) , since, when 
such a material is used as the substrate, the leaning 


41 

angles of the metal oxide needles become small. With 
respect to the type of the single crystal used as a ma- 
terial for the substrate, it is preferred to use a sin- 
gle crystal having lattice constants close to the lat- 
5 tice constants of a metal oxide crystal obtained when 

the metal oxide needles formed are crystalline. More 
particularly, the ratios of the lattice constants of 
the metal oxide crystal at the surface thereof con- 
tacting the substrate to the corresponding lattice con- 

10 stants of the single crystal substrate at the surface 

thereof contacting the metal oxide crystal are each 
preferably from 0.8 to 1.2, more preferably from 0.9 to 
1.1, most preferably from 0.95 to 1.05. The lattice 
constants of a crystal can be measured by a convention- 

15 al method, such as the wide angle X-ray diffraction 

method. Especially preferred single crystals used as a 
material for the substrate are single crystals of sili- 
con and single crystals of metal oxides, such as alumi- 
num oxide, magnesium oxide and SrTi0 3 . When the mate- 

20 rial for the substrate is crystalline, the crystalline 

form of the material may be any form selected from the 
group consisting of a single crystal, a combination of 
two or more single crystals, a polycrystal, a semicrys- 
tal having both a non-crystalline portion and a crys- 

25 talline portion, and a mixture thereof. Of these crys- 
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tals, a single crystal is most preferred. When the ma- 
terial for the substrate is of a single crystal, it is 
preferred that the upper surface of the substrate is 
comprised of one of the crystal faces of the single 
crystal. For example, when it is intended to form ti- 
tanium oxide needles on a surface of a substrate com- 
prised of a magnesium oxide single crystal, it is 
preferred that the upper surface of the substrate is 
the (100) face of the magnesium oxide single crystal. 
When it is intended to form zinc oxide needles on a 
surface of a substrate comprised of a silicon single 
crystal, it is preferred that the upper surface of the 
substrate is the (111) face of the silicon single crys- 
tal. When it is intended to form zinc oxide needles on 
a surface of a substrate comprised of an aluminum oxide 
single crystal, it is preferred that the upper surface 
of the substrate is the (0001) face of the aluminum ox- 
ide single crystal. When it is intended to form zinc 
oxide needles on a surface of a substrate comprised of 

an SrTi0 3 single crystal, it is preferred that the up- 
per surface of the substrate is the (001) face of the 

SrTi0 3 single crystal. When such a single crystal form 
of the material is used for the substrate, each of the 
leaning angles of the crystal axes can generally be 
controlled to an angle of 5 degrees or less . 
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When a ceramic, a metal (such as silicon, Fe or 
Ni) or a non-single-crystal material (such as glass or 
a plastic) is selected as a material for the substrate, 
the leaning angles of the metal oxide needles tend to 
be large. In the present invention, when such a mate- 
rial is used for the substrate, it is preferred that 
the leaning angles of the metal oxide needles are each 
20 degrees or less, more advantageously each 15 degrees 
or less, most advantageously each 10 degrees or less* 
In the case where such a material is used for the sub- 
strate, the leaning angles of the metal oxide needles 
can be reduced by subjecting the surface of the sub- 
strate to orientation treatment. 

When the functional element of the present inven- 
tion is, for example, an electron emission element for 
use in an electric or an electronic device, or a laser 
emission element for use in an optical device, in some 
cases it is preferred that the metal oxide needles pre- 
sent on the surface of the substrate are arranged at 
regular intervals . The arrangement of the metal oxide 
needles at regular intervals on the surface of the sub- 
strate can be realized by, for example, a method in 
which convex portions are formed at regular intervals 
on the surface of the substrate by etching by a conven- 
tional microf abrication technique using carbon dioxide 
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gas lasers, YAG lasers, electron ray or X-ray lithogra- 
phy or the like. The reason for this is as follows. 
As described above, in producing the functional element 
of the present invention by the "atmospheric CVD 
5 method" , a metal compound gas is applied onto the sur- 

face of the substrate to thereby grow metal oxide 
needles on the surface of the substrate. When the sur- 
face of the substrate has convex portions, the metal 
oxide needles grow faster at the convex portions of the 

10 surface of the substrate than at the concave portions 

of the surface of the substrate. Therefore, when the 
surface of the substrate has convex portions which are 
arranged at regular intervals, there can be obtained 
metal oxide needles which are arranged at regular in- 

15 tervals in accordance with the regular-interval ar- 

rangement of the convex portions on the surface of the 
substrate. When the functional element of the present 
invention is an electron emission element, a laser em- 
ission element or the like, it is preferred that the 

20 functional element has the thus obtained metal oxide 

needles arranged at regular intervals. In this case, 
it is more preferred that the metal oxide needles are 
arranged so that the spacing differences among pairs of 
adjacent metal oxide needles are within the range of ± 

25 1 pm or less, more advantageously ± 0.5 p or less, 
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still more advantageously ± 0.25 pm or less. 

Hereinbelow, a more illustrative explanation is 
made with respect to the preferred method for producing 
the functional element of the present invention. 
5 Fig. 1 is a diagram showing a preferred example of 

production systems usable for producing the functional 
element of the present invention. 

Referring to Fig. 1, nitrogen gas, which flows at 

3 

a flow rate of 1.2 dm /min in the direction indicated 

10 with an arrow, is first supplied to a water- trapping 

apparatus in which the nitrogen gas is subjected to 
cooling- dehydration using liquid nitrogen or the like. 
The resultant dedydrated nitrogen gas is led into a 
metal compound-heating vessel which has an internal 

15 temperature set at 115 °C. In the metal compound- 

heating vessel, a metal compound Zn(C 5 H 7 0 2 ) 2 is heated 
by means of a heater to gasify the metal compound, 
thereby obtaining a metal compound gas, and the ob- 
tained metal compound gas, entrained by the nitrogen 

20 gas, flows out from the metal compound-heating vessel 

and is applied onto a surface of a substrate through a 
blow-off slit of a nozzle. The gas flow line running 
downstream of the metal compound-heating vessel is 
heated by means of a ribbon heater (not shown). The 

25 substrate is comprised of an A1 2 0 3 single crystal plate 


having the (0001) face thereof facing the blow-off slit 
above, and the substrate is heated to 550° C by means of 
a heater. By the application of the gasified 

Zn(C 5 H 7 0 2 ) 2 onto the surface of the substrate, metal 
oxide needles are grown on the surface of the substrate. 

In producing the functional element of the present 
invention by using a system as shown in Fig. 1, for ob- 
taining the specific metal oxide needles defined in the 
present invention, it is important to appropriately 
control the heating temperatures of the metal compound 
and the substrate. The desired heating temperature for 
gasifying the metal compound gas varies depending on 
the type of the metal compound. However, it is 
preferred that the metal compound is heated to a tem- 
perature which is the same as or higher than the vola- 
tilizing point or the sublimating point of the metal 
compound, more advantageously a temperature of from 30 
to 600 °C, still more advantageously a temperature of 
from 50 to 300 °C. 

The thus obtained metal compound gas as such may 
be applied onto the surface of the substrate to thereby 
form metal oxide needles on the surface of the sub- 
strate. Alternatively, the metal compound gas may be 
applied together with another gas as a medium (a carri- 
er gas) onto the surface of the substrate to form metal 
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oxide needles on the surface of the substrate. Of the- 
se two methods, the latter using a carrier gas is pre- 
ferred. When a carrier gas is used, the preferred flow 
rate of the carrier gas varies depending on the tem- 
5 perature at which the metal compound is gasified and 

the atmosphere of the reaction zone in which the metal 
oxide needles are formed. When the temperature and 
pressure of the reaction zone are room temperature and 
atmospheric pressure, respectively, it is preferred 

10 that the carrier gas is flowed at a space velocity of 

20/min or less, more advantageously 5/min or less, 
wherein the space velocity of the carrier gas is de- 
fined as the value obtained by dividing the flow rate 
of the carrier gas per minute by the internal volume of 

15 the metal compound-heating vessel. 

In the method of the present invention, the growth 
rate of the metal oxide needles varies depending on the 
concentration of the metal compound gas on the surface 
of the substrate. Therefore, for easily obtaining the 

20 metal oxide needles defined in the present invention, 

it is important to appropriately control the concentra- 
tion of the metal compound gas on the surface of the 
substrate. The concentration of the metal compound gas 
on the surface of the substrate varies depending basi- 

25 cally on the super saturation degree of the metal com- 
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pound gas on the surface of the substrate, wherein the 
supersaturation degree is defined by the formula: su- 
persaturation degree = {((actual vapor pressure) - 
(equilibrium vapor pressure)) / equilibrium vapor pres- 
sure} x 100. For producing the metal oxide needles 
defined in the present invention, it is preferred that 
the supersaturation degree of the metal compound gas on 
the surface of the substrate is 1 % or more, more ad- 
vantageously 10 % or more, most advantageously 20 % or 
more . 

With respect to the carrier gas which may be pref- 
erably used in the application of the metal compound 
gas onto the surface of the substrate, there is no par- 
ticular limitation as long as the carrier gas does not 
react with the metal compound. Specific examples of 
carrier gases include inert gases (such as nitrogen gas, 
helium, neon and argon), carbon dioxide gas and organic 
substances (such as organof luorine compound gas, hepta- 
ne and hexane). Of these gases, inert gases are more 
preferred from the viewpoint of safety and economy. 
Nitrogen gas is most preferred from the viewpoint of 
economy. 

When the metal compound gas is applied onto the 
surface on the substrate to form metal oxide needles on 
the surface of the substrate, the desired distance be- 


tween the blow-off opening of the nozzle for blowing 
the metal compound gas and the surface of the substrate 
varies depending on the size of the metal oxide needles 
to be formed on the surface of the substrate and also 
depending on the morphology of the blow-off opening of 
the nozzle. However, in general, with respect to the 
ratio of the distance between the blow-off opening of 
the nozzle and the surface of the substrate to the 
length of the major axis of the blow-off opening of the 
nozzle, the ratio is preferably from 0.01 to 1, more 
preferably from 0.05 to 0.7, most preferably from 0.1 
to 0.5. In general, when the above-mentioned ratio is 
more than 1 (unity), the conversion efficiency of the 
metal compound gas into the metal oxide needles tends 
to be lowered. 

With respect to the temperature of the substrate 
during the application of the metal compound gas onto 
the surface of the substrate to form the metal oxide 
needles thereon, there is no particular limitation as 
long as the temperature of the substrate is at a level 
which is higher than that of the metal compound gas and 
at which the metal oxide can be formed near and on the 
surface of the substrate. However, in some cases, the 
temperature of the substrate which is being contacted 
with the metal compound gas influences the morphology 
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of the metal oxide needles formed. Therefore, the tem- 
perature of the substrate is preferably from 0 to 
800 °C, more preferably from 20 to 800 °C, most prefer- 
ably from 100 to 700 °C. 

In the production of the functional element of the 
present invention, when oxygen, water or the like capa- 
ble of reacting with the metal compound is present in a 
region of the production system, which region extends 
from the site where the metal compound is volatilized 
or sublimated to form the metal compound gas to the 
site of the blow-off opening of the nozzle for blowing 
the obtained metal compound gas into the reaction zone, 
a metal oxide is inadvertently formed in the system be- 
fore the blow-off of the metal compound gas into the 
reaction zone, so that a clogging or the like is likely 
to occur in the system, and the metal oxide needles 
having a desired morphology cannot be obtained. How- 
ever, when the metal compound used has a property such 
that it reacts with oxygen, water or the like at only 
an extremely small reaction rate, the oxygen, water or 
the like may be present in the above-mentioned region 
of the production system, which region is upstream of 
the blow-off opening of the nozzle for blowing the 
metal compound gas into the reaction zone. 

With respect to the atmosphere of the reaction 


zone wherein the surface of the substrate is contacted 
with the metal compound gas, the atmosphere may be un- 
der reduced pressure, under atmospheric pressure or un- 
der elevated pressure. However, when the contacting of 
5 the surface of the substrate with the metal compound 

gas is performed in a reaction zone which is under 
highly reduced pressure (such as ultrahigh vacuum), a 
long period of time (for example, a period of several 
days) is needed for growing metal oxide needles on the 

10 surface of the substrate. Such a low growth rate of 

the metal oxide needles lowers the productivity and, 
hence, is commercially impractical. When the con- 
tacting of the surface of the substrate with the metal 
compound gas is performed in a reaction zone which is 

15 under elevated pressure, no problem arises with respect 

to the growth irate of the metal oxide needles, but an 
apparatus for pressurizing is needed. In general, it 
is preferred that the contacting of the surface of the 
substrate with the metal compound gas is conducted un- 

20 der 0.001 to 20 atm, more advantageously under 0 . 1 to 

10 atm, most advantageously under atmospheric pressure. 

There is no particular limitation with respect to 
the reaction time (i.e., the time of the contacting of 
the surface of the substrate with the metal compound 

25 gas) for forming the metal oxide needles on the surface 
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of the substrate. However, it is necessary that the 
reaction time is satisfactory for obtaining the metal 
oxide needles having the specific aspect ratio required 
in the present invention. The desired reaction time 
varies depending on the contacting conditions and the 
type of the raw material (metal compound) used. For 
example, when the contacting of the surface of the sub- 
strate with the metal compound gas is conducted under 
conditions wherein zinc acetylacetonate is used as the 
metal compound and the reaction zone is under atmos- 
pheric pressure, metal oxide needles begin to appear 
about 5 minutes after the start of the contacting (i.e., 
the start of the application of the metal compound gas 
onto the surface of the substrate), and the length of 
the metal oxide needles reaches 100 um about 300 
minutes after the start of the contacting. However, 
when zinc acetylacetonate is used as the metal compound, 
the reaction time is preferably more than 10 minutes, 
more preferably 15 minutes or more. The reason for 
this is because the longer the reaction time, the 
larger the aspect ratio (the ratio of the length to the 
circle-based diameter of cross-section) of the metal 
oxide needles becomes and the larger the surface area 
of the metal oxide needles becomes. When tetraisopro- 
poxytitanate is used as the metal compound, metal oxide 
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needles having a length of 4 pm are obtained about 3 
minutes after the start of the contacting, wherein each 
of the metal oxide needles is substantially of a rod 
morphology „ 

5 When metal oxide needles containing two or more 

types of metals are desired, such metal oxide needles 
can be obtained by using a mixed gas of oxides of two 
or more types of metals. Such a mixed gas can be ob- 
tained either by gasifying a mixture of two or more 

10 metal compounds or by mixing two or more gasified metal 

compounds. These methods can be used in combination ♦ 

In the functional element of the present invention, 
the metal oxide needles are present at a high density 
at the surface of the substrate, and spaces are left 

15 between the metal oxide needles. When the functional 

element of the present invention, which contains the 
metal oxide needles having a specific structure, is 
used in an electric, an electronic or an optical device, 
it is possible that the functional element suffers a 

20 deformation, depending on the conditions under which 

the functional element is used. Specifically, it is 
possible that the metal oxide needles sustain a physi- 
cal stress, so that a large number of the metal oxide 
needles are brought down. Such a deformation of the 

2 5 metal oxide needles can be prevented by securing the 


metal oxide needles to each other by means of at least 
one substance. Examples of substances used for the se- 
curing include organic substances, such as a thermo- 
plastic resin, a thermosetting resin, an elastomer and 
an instant adhesive (such as cyanoacrylate) , inorganic 
substances (such as glasses and ceramics), and metals. 

Examples of thermoplastic resins used for securing 
the metal oxide needles to each other include a low, 
middle or high density polyethylene, polypropylene, 
polymethylpentene, poly(vinyl chloride), polystyrene, 
an acrylonitrile/styrene copolymer (hereinafter 
referred to simply as 11 SAN resin"), an acryloni- 
trile/butadiene/styrene copolymer (hereinafter referred 
to simply as "ABS resin"), polyamide, polyacetal, poly- 
carbonate, polyethylene terephthalate, polybutylene 
terephthalate, polyphenylene ether, polymethyl methac- 
rylate, polyetherimide, polysulfone, polyarylate, poly- 
phenylenesulf ite, a styrene- butadiene copolymer and a 
hydrogenation product thereof. Further examples of 
thermoplastic resins used for securing the metal oxide 
needles to each other include a polymer blend compris- 
ing two or more polymers selected from those polymers 
mentioned above and a copolymer. Examples of polymer 
blends include a polymer blend of polycarbonate and an 
acrylonitrile -butadiene- styrene copolymer, and a 
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polymer blend of polyphenylene ether and polystyrene. 

Examples of thermosetting resins used for securing 
the metal oxide needles to each other include an epoxy 
resin, a xylene resin, a guanamine resin, a diallyl- 
5 phthalate resin, a vinyl ester resin, a phenol resin, 

an unsaturated polyester resin, a furan resin, poly- 
imide, poly (p-hydroxybenzoic acid), polyurethane, a 
maleic acid resin, a melamine resin and a urea resin. 

Examples of elastomers used for securing the metal 

10 oxide needles to each other include natural rubber and 

synthetic rubbers, such as a butadiene rubber, a sili- 
cone rubber, a polyisoprene rubber, a chloroprene rub- 
ber, an ethylenepropylene rubber, a butyl rubber, an 
isobutylene rubber, a styrene/butadiene rubber, a sty- 

15 rene/isoprene/styrene block copolymer rubber, an acryl- 

ic rubber, an acrylonitrile/butadiene rubber, a rubber 
hydrochloride, a chlorosulf onated polyethylene rubber 
and a polysulfide rubber. Further examples of elasto- 
mers used for securing the metal oxide needles to each 

20 other include polytetraf luoroethylene , a petroleum 

resin and an alkyd resin. Further, cyanoacrylates , 
which are generally used as instant adhesives can be 
also used. 

The functional element of the present invention, 
25 which contains the metal oxide needles having a speci- 
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fic structure, can be obtained by the above- described 
method . The functional element is advantageous in that 
the metal oxide needles have an extremely large surface 
area. Further, by appropriately selecting the metal 
5 species of the metal oxide needles, the metal oxide 

needles are each able to have a pointed tip or have the 
morphology of a prism. By virtue of these advantages 
and various functional properties of the metal oxide 
needles, the functional element of the present inventi- 

10 on can be used as a component for an electric, an elec- 

tronic or an optical device. 

Hereinbelow, electric, electronic and optical de- 
vices in which the functional element of the present 
invention can be used are described with reference to 

15 illustrative examples. 

Examples of electric and electronic devices in- 
clude devices making use of various functional proper- 
ties of metal oxides, such as electron emission proper- 
ties, magnetic properties, electromagnetic wave shield- 

20 ing properties, piezoelectric properties, ferroelectric 

properties, electroconductive properties, resistance or 
insulating properties and thermal conversion properties. 
Examples of optical devices include devices making use 
of various functional properties of metal oxides, such 

25 as transparency properties, light transmission, absorp- 
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tion or reflection properties, thermal transmission, 
absorption or reflection properties, light emission 
properties, optical waveguide properties and. photocata- 
lyst properties. 
5 Specific examples of uses of the functional ele- 

ment of the present invention are described below with 
reference to illustrative examples of devices using the 
functional element . 


10 (1) Electron emission element making use of electron 

emission properties: 

When zinc oxide is used for forming the metal ox- 
ide needles of the functional element of the present 
invention, the metal oxide needles have pointed tips. 

15 It is a well-known phenomenon that a lightning conduc- 

tor rod, which has a pointed tip, can be easily hit by 
a stroke of lightning. Further, the present inventors 
have found that, when a voltage is applied to a func- 
tional element in which the metal oxide needles have 

20 pointed tips, wherein the metal oxide needles are cov- 

ered with an electroconductive substance or have elec- 
troconductivity, the metal oxide needles easily emit 
electrons from their pointed tips. Specifically, the 
present inventors have confirmed that, when the same 

25 voltage is applied to a functional element containing 
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the metal oxide needles having pointed tips and to a 
functional element containing a metal oxide structure 
which is not of a needle shape but of a flat shape, the 
former exhibits electron emission ability at least ten 
times as high as that of the latter. When the func- 
tional element of the present invention contains ZnO 
needles having pointed tips, the functional element can 
be imparted with electron emission ability, for example, 
by coating a part or the whole of the ZnO needles with 
an electroconductive substance or by rendering the ZnO 
needles themselves electroconductive (for example, by 
doping the ZnO needles with Al) . In this case, it is 
preferred that the above-mentioned electroconductive 
substance has an electric resistivity of 10 Q/m or 
less, more advantageously 1 Q/m or less. Examples of 
electroconductive substances include a metal, a metal 
paste, a combination of a metal and a metal paste, an 
electroconductive metal oxide, such as ITO ( In 2 0 3 /Sn0 2 ) , 
and an electroconductive resin. With respect to the 
type of the metal as an electroconductive substance, 
there is no particular limitation. Specific examples 
of metals include copper, nickel, chromium, iron, gold, 
silver, palladium, aluminum, zinc, tin, silicon, tita- 
nium, and an alloy thereof. 

Further, the electron emission ability of the 
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above-mentioned electron emission element can be im- 
proved by a method in which, after coating the metal 
oxide needles with an electroconductive substance or 
rendering the metal oxide needles themselves electro- 
conductive, the upper end portion of each of the metal 
oxide needles is coated with one or more types of 
highly conductive substances. 

Examples of highly conductive substances include 
elements belonging to Groups 1 to 15 of the Periodic 
Table, exclusive of hydrogen (belonging to Group 1), 
boron (belonging to Group 13), nitrogen (belonging to 
Group 15), phosphorus (belonging to Group 15) and arse- 
nic (belonging to Group 15); oxides of metals selected 
from the above-mentioned elements; and carbonaceous ma- 
terials- Of these substances, carbonaceous materials 
are preferred. Specific examples of carbonaceous mate- 
rials include graphite, diamond, diamond-like carbon 
(DLC) and carbon nitride. Of these substances, diamond 
and diamond- like carbon are especially preferred, since 
diamond and diamond- like carbon have a high electron 
emission ability. Examples of methods for coating the 
above-mentioned electroconductive or highly electrocon- 
ductive substances onto the metal oxide needles include 
vapor deposition, sputtering, dipping, CVD and PVD 
(physical vapor deposition) . 
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Examples of electric and electronic devices in 
which the functional element of the present invention 
is used as an electron emission element include elec- 
tron emission devices, such as a cold-cathode tube for 
5 a liquid crystal display, a field emission display and 

a plasma display; and an electron gun for a television 
set. Further, since the functional element of the pre- 
sent invention can emit electrons from a large area of 
the upper surface thereof, the functional element of 

10 the present invention can be used as a flat fluorescent 

lamp. A flat fluorescent lamp emitts light from a flat 
surface, differing from an ordinary fluorescent lamp 
having a tubular shape, A flat fluorescent lamp can be 
advantageously used as a backlighting device for use in 

15 a backlighting type liquid crystal display. In a con- 

ventional backlighting type liquid crystal display, the 
backlighting device is comprised of a complicated 
structure wherein a cold- cathode tube (i.e., fluores- 
cent tube) (positioned in a side portion of the display) 

20 is optically connected to a light guiding/distributing 

plate positioned in the back portion of the display. 
By contrast, when a flat fluorescent lamp is disposed 
in the back portion of the display, the flat fluores- 
cent lamp as such can function as a backlighting device 

25 without using an additional component. 


61 

As described above, the functional element of the 
present invention used as an electron emission element 
can emit electrons more easily than an electron emis- 
sion element containing a conventional metal oxide 
structure having a flat morphology, when the emission 
is effected under conditions wherein the same voltage 
is applied to these two functional elements. Therefore, 
when the functional element of the present invention is 
used as an electron emission element in an electric or 
an electronic device, the emission of light having a 
given luminance can be obtained under a lower voltage 
than in the case of an electric or an electronic device 
containing a conventional electron emission element. 
Accordingly, by using the functional element of the 
present invention, an electric or an electronic device 
of an energy saving type can be produced which can emit 
higher luminance light under a given voltage than a 
conventional electric or an electronic device. 

(2) Capacitor element making use of ferroelectric 
properties : 

The metal oxide needles in the functional element 
of the present invention have a large surface area. 
Conventional capacitors generally used are lamination 
type ceramic capacitors . A ceramic capacitor contains 
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a metal oxide having ferroelectric properties (such as 
barium titanate). As described above, the performance 
of a capacitor depends on its capacitance. The capaci- 
tance of a ceramic capacitor is proportional to the 
surface area of the metal oxide used therein, and in- 
versely proportional to the thickness of the metal ox- 
ide. In a conventional lamination type ceramic capaci- 
tor, a high capacity is obtained by laminating a large 
number of layers (as large as approximately 100 layers) 
comprising electrode layers and thin layers of a fer- 
roelectric substance (i.e., metal oxide thin layers). 
However, from the commercial viewpoint, it is difficult 
to produce a laminate material comprising a large num- 
ber of electrode layers and ferroelectric substance 
thin layers. The functional element of the present in- 
vention, such as a functional element containing a fer- 
roelectric oxide (such as barium titanate) in the form 
of metal oxide needles, can be used as a capacitor ele- 
ment having a high capacitance. A capacitor element 
having a high capacitance can also be obtained by a 
method in which metal oxide needles comprised of an in- 
sulating oxide (such as zinc oxide) are formed on a 
surface of a substrate, a thin film of an electrocon- 
ductive substance is formed on the metal oxide needles, 
and a thin film of a ferroelectric oxide (such as bari- 


um titanate) is formed on the thin film of the electro- 
conductive substance, thereby obtaining a laminate of 
an electroconductive substance layer and a ferroelec- 
tric oxide layer, which laminate is coated on the metal 
oxide needles . In the case of a conventional lamina- 
tion type ceramic capacitor containing layers of a fer- 
roelectric substance (such as barium titanate), it is 
now technically impossible to reduce the thickness of 
each layer of the ferroelectric substance to 6 pm or 
less. By contrast, according to the present invention, 
a metal oxide structure (comprised of needles) having a 
thickness of less than 6 ]im can be obtained by the at- 
mospheric CVD method. Further, the metal oxide needles 
in the functional element of the present invention have 
a large surface area. When these factors are taken in- 
to consideration, it is considered that, theoretically, 
the capacitance of a capacitor using the functional 
element of the present invention (containing the metal 
oxide needles and, coated thereon, a laminate of an 
electroconductive substance layer and a ferroelectric 
oxide layer) is 30 times as high as that of a conven- 
tional lamination type ceramic capacitor. The capaci- 
tance of the capacitor using the functional element of 
the present invention can be further enhanced simply by 
a method in which, on the above-mentioned laminate of 


an electroconductive substance layer and a ferroelec- 
tric oxide layer, another laminate of the same con- 
struction (comprising an electroconductive substance 
layer and a ferroelectric oxide layer) is additionally 
formed. The capacitance of the capacitor using the 
functional element of the present invention can be 
still further enhanced simply by employing three or mo- 
re laminates of the same construction. As examples of 
ferroelectric metal oxides usable in a capacitor com- 
prising the functional element of the present invention 
there can be mentioned barium titanate and strontium 
titanate. These two ferroelectric metal oxides can be 
suitably used in the * atmospheric CVD method" for pro- 
ducing the functional element of the present invention 
containing the metal oxide needles. (However, the 
method for producing the functional element is not lim- 
ited to the "atmospheric CVD method".) Examples of 
electroconductive substances include metals and elec- 
troconductive metal oxides, such as 1T0 ( In 2 0 3 /Sn0 2 ) . 
With respect to the type of the metal as an electrocon- 
ductive substance, there is no particular limitation. 
Specific examples of metals include copper, nickel, 
chromium, iron, gold, silver, palladium, aluminum, zinc 
tin, silicon, titanium, and an alloy thereof. Examples 
of methods for forming an electroconductive film in- 


elude vapor deposition, sputtering, dipping, CVD and 
PVD. 

An electric or an electronic device in which the 
functional element of the present invention is used as 
a capacitor element has a high capacitance, so that 
such a device can be advantageously used in electric or 
electronic equipment of small size, such as a portable 
telephone . 

(3) Memory element making use of ferroelectric proper- 
ties : 

The functional element of the present invention 
has ferroelectric properties. It has been being at- 
tempted to develop a ferroelectric memory element mak- 
ing use of the ferroelectric properties of the func- 
tional element- A ferroelectric memory has an advan- 
tage in that a ferroelectric memory has non- volatility, 
exhibits a short access time, has a long life and does 
not require a large electric power. Therefore, in re- 
cent years, studies have been being made to develop, 
for example, noncontact IC cards using a ferroelectric 
memory. PZT (i.e., a ternary metal oxide containing 
three elements Pb, Zr and Ti) is generally used as a 
ferroelectric substance. However, conventionally, such 
a metal oxide having f erroelectricity is used in the 
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form of a flat structure formed on a surface of a sub- 
strate. Therefore, a conventional ferroelectric memory 
has poor memory function and the use of a conventional 
ferroelectric memory is limited. 
5 By contrast, when the functional element of the 

present invention is used as a memory element, each of 
the metal oxide needles of the functional element is 
able to have memory function, so that the memory ele- 
ment can exhibit a high memory capacity. Specifically, 

10 a memory element having a high memory capacity can be 

obtained from the functional element of the present in- 
vention by, for example, the following method. First, 
the spaces between the metal oxide needles are filled 
with an insulating material. Then, to electrodes of 

15 transistors are connected the metal oxide needles em- 

bedded in the insulating material {wherein each of the 
electrodes is connected with one or several needles), 
thereby obtaining a memory element. Examples of metal 
oxides exhibiting f erroelectricity include the above- 

20 mentioned PZT, a ternary metal oxide containing three 

elements Ba, Na and Nb, and a binary metal oxide con- 
taining two elements Sr and Nb. 

An electric or an electronic device using a memory 
element comprising the functional element of the pre- 

25 sent invention has a high memory capacity. Therefore, 
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the functional element can be very advantageously ap- 
plied to various devices, such as memory discs, such as 
a DVD (digital versatile disc), which has been widely 
used in recent years, and a memory element for a com- 
5 puter. 


(4) Sensor element making use of resistance proper- 
ties : 

The metal oxide needles in the functional element 

10 of the present invention have a large surface area. By 

virtue of this property, the functional element can be 
used as a sensor element. A sensor is a device which 
detects physical quantities by converting the physical 
quantities into resistance values. Examples of sensors 

15 include a temperature sensor, a gas sensor and a humid- 

ity sensor. In a temperature sensor, a metal oxide, 
such as nickel oxide, cobalt oxide or barium titanate, 
is used. In a gas sensor, tin oxide, iron oxide, zinc 
oxide or the like is used. In a humidity sensor, alu- 

20 minum oxide, zinc oxide, zirconium oxide or the like is 

used. In general, a sensor containing a metal oxide is 
produced by a method in which a thin film of the metal 
oxide is formed on a substrate by vapor deposition or 
sputtering, or a method in which the metal oxide is 

25 mixed with a binder to thereby obtain a metal oxide 
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paste and the paste is coated on a substrate. However, 
the thus produced conventional sensor is unsatisfactory 
and it has been desired to improve the sensitivity and 
the response speed of the conventional sensor. The 
5 metal oxide needles in the functional element of the 

present invention have a large surface area, so that 
the functional element can be used as a sensor exhibit- 
ing high sensitivity and high response speed. For ex- 
ample, a sensor comprising the functional element of 

10 the present invention can be obtained by connecting an 

electrode to each of the respective upper end portions 
of the metal oxide needles and also connecting an elec- 
trode to a surface of the substrate. With respect to 
the material of the electrode, there is no particular 

15 limitation as long as the material has an electrocon- 

ductivity . 

An electric or an electronic device using the sen- 
sor comprising the functional element exhibits a high 
sensitivity and a high response speed. Therefore, 
20 miniaturization of the device is possible, and, also, 

the device can be advantageously applied to a field in 
which it is required to detect a subtle change in the 
environment. Accordingly, the functional element of 
the present invention is very useful. 


25 


(5) Laser emission element making use of light emis- 
sion properties: 

In recent years, a CD (compact disc) has been 
widely used as an information storage medium and a red 
laser emission element has been used for reading out 
information from a CD. When a laser having a smaller 
wavelength, such as an ultraviolet light laser, is used 
for reading out information from a CD, a reading-out of 
information which is recorded at a higher density be- 
comes possible, so that more formation can be recorded 
on a CD. For this reason, studies for using GaN for a 
laser emission element has now been being conducted 
(the wavelength of a GaN laser is 410 nm, whereas the 
wavelength of a red laser is 650 nm) . For the purpose 
of using GaN for a laser emission element, an optical 
device has been proposed which comprises a laser emis- 
sion part, a mirror part for reflecting the laser and a 
current introduction electrode part, wherein these 
three parts are integrated with each other. However, 
the proposed device has problems in that the device has 
a complicated structure, and the three parts of the de- 
vice have different compositions. Therefore, if the 
device is used for a long period of time, the arrange- 
ment of the atoms of the materials constituting the de- 
vice is disturbed and adversely affected by the heat 
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generated by the operation of the device, so that the 
performance of the device inevitably becomes lowered. 
By contrast, as explained below, the functional element 
of the present invention can be advantageously used as 
5 a laser emission element exhibiting high performance 

and high reliability. In the case of the functional 
element containing metal oxide needles comprised of ZnO, 
the functional element as a laser emission element can 
emit a laser having a wavelength (380 nm) smaller than 

10 that of the GaN laser, so that the functional element 

of the present invention enables a higher density re- 
cording and a higher speed signal transmission than the 
GaN laser. Further, an optical device in which the 
functional element of the present invention is used as 

15 a laser emission element has a simple structure, as 

compared to that of an optical device using GaN as a 
laser emission element. Furthermore, the optical de- 
vice in which the functional element of the present in- 
vention is used as a laser emission element is free 

20 from the problem that a lowering of performance is 

caused by the heat generated by the operation of the 
device. The metal oxide usable for forming the metal 
oxide needles is not limited to ZnO, and a metal oxide 
other than ZnO can also be used for forming the metal 

25 oxide needles of the functional element of the present 


invention as a laser emission element emitting a small 
wavelength laser. Examples of such metal oxides in- 
clude CoO, anatase type Ti0 2 , rutile type Ti0 2 , MnO, 
BaTi0 3 and CdO. CoO, anatase type Ti0 2 , rutile type 
Ti0 2 , MnO, BaTi0 3 and CdO are able to emit lasers hav- 
ing wavelengths of 310 nm, 388 nm 7 354 nm, 459 nm, 459 
nm and 539 nm, respectively. When the functional ele- 
ment of the present invention as a laser emission ele- 
ment is used in an optical device, the functional ele- 
ment is used in combination with an excitation source. 
The excitation source excites atoms contained in the 
functional element by giving an energy, such as an 
electromagnetic wave, heat or electricity, to the sub- 
strate of the functional element. The excited atoms 
emit electromagnetic waves when the atoms return from 
an excited state to the ground state. Examples of ex- 
citation sources include a lamp and a current . 

As described above, there is a report that nano- 
crystals of ZnO formed on the surface of a substrate 
are used as an ultraviolet laser emission element (see 
"Kotai Butsuri (Solid State Physics)", vol. 33, no. 1, 
pp. 59-64 (1998)). However, the nanocrystals of ZnO 
formed on the surface of a substrate each have a height 
of 5 nm and a circle-based diameter of 100 nm. That is , 
the aspect ratio of the conventional ZnO nanocrystals, 


i.e., the ratio of the length of the nanocrystals to 
the circle-based diameter of the cross-sections thereof 
(length / circle-based diameter of cross-section) is 
only 0.05, which is very small, as compared to the as- 
pect ratio (0.1 or more) of the metal oxide needles in 
the functional element of the present invention. When 
the functional element of the present invention (con- 
taining the metal oxide needles having an aspect ratio 
of 0.1 or more) is used as a laser emission element, a 
high output of laser can be obtained, as compared to 
that obtained by the conventional ZnO nanocrystals. 
The reason for this is as follows. In the functional 
element of the present invention, laser emission occurs 
in a direction perpendicular to a straight line ex- 
tending in the thicknesswise direction of the metal ox- 
ide structure comprised of the metal oxide needles 
(wherein the thicknesswise direction of the metal oxide 
structure comprised of the needles corresponds to the 
lengthwise direction of the metal oxide needles). 
Therefore, the larger the thickness of the metal oxide 
structure comprised of the needles, the higher the out- 
put of the laser emission element. In other words, the 
longer the metal oxide needles (i.e., the larger the 
aspect ratio of the metal oxide needles), the higher 
the output of the laser emission element. 
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Further, in the functional element of the present 
invention, a large number of metal oxide needles having 
the same size can be present on the surface of the sub- 
strate . By increasing the number of the metal oxide 
5 needles , the laser output capability of the functional 

element as a laser emission element can be increased. 

When the functional element of the present inven- 
tion is used as a laser emission element in an optical 
device, the optical device can emit a laser having a 

10 wavelength smaller than a laser emitted by a conven- 

tional optical device. Therefore, the functional ele- 
ment of the present invention can be very advanta- 
geously used for providing an optical device which en- 
ables accurate reading- out of high density information, 

15 and high speed transmission of information. 


(6) Optical switch element making use of optical 
waveguide properties : 

In accordance with the advancement of the informa- 

20 tion-oriented society, there has been a strong demand 

for an advanced system for communication, which can 
transmit a larger amount of information more effi- 
ciently. At present, most of the transmission lines 
which connect households with telephone offices use an 

25 electronic transmission system (i.e., analog transmis- 


sion by means of metal wires), so that the transmission 
capacity is small. Therefore, it is expected that, in 
the future, the transmission lines which connect house- 
holds with telephone offices will be replaced by opti- 
cal transmission lines using optical fibers. However, 
for realizing this, it is essential that the on/off 
switching of a flow of signals (which switching is ef- 
fected in the electronic communication system by con- 
trolling the flow of electrons) can also be performed 
in the optical transmission lines using optical fibers. 
In other words, the development of an optical switch is 
necessary. In addition , for such an optical switch to 
be practically usable, it is necessary that the optical 
switch be provided in the form of a device which can 
simultaneously process a large number of individual 
flows of optical information coming from a large number 
of households. That is, it is necessary to develop a 
highly integrated optical switch device containing a 
large number of optical switches disposed at high den- 
sity. Such a practical, optical switch device has not 
yet conventionally been developed. However, the func- 
tional element of the present invention can be provided 
as the desired highly integrated optical switch device. 
In an optical device in which the functional element of 
the present invention is used as an optical switch ele- 
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ment, the high integration property can be realized, 
for example, by imparting optical switch function to 
each of the metal oxide needles (which are present at 
high density) of the functional element. Specifically, 
optical switch function can be imparted to each of the 
metal oxide needles in the functional element by a 
method in which the metal oxide needles are individual- 
ly connected with a pair of electrodes (which are an 
anode and a cathode) . The individual metal oxide 
needles can be operated as an optical switch as follows. 
An optical information signal is flowed through the 
needle (optical switch) . For operating the optical 
switch, a voltage is applied across the pair of elec- 
trodes connected to the needle, to thereby change the 
phase of the wave of the optical information signal. 
The above-mentioned highly integrated optical switch 
device can be easily obtained by making use of the 
unique characteristics of the functional element of the 
present invention that the metal oxide needles are pre- 
sent at high density on the surface of the substrate. 
There is no particular limitation with respect to the 
type of the metal oxide used for forming the metal ox- 
ide needles in the functional element used as an opti- 
cal switch device. 

An optical device in which the functional element 


of the present invention is used as an optical switch 
element can be used as a highly integrated optical 
switch device in the field of optical communication, so 
that the optical device can meet the increasing demand 
accompanying the advancement of the information- 
oriented society, i.e., the demand for an advanced sys- 
tem for communication, which can transmit a larger 
amount of information more efficiently. 

Representative examples of electric, electronic 
and optical devices in which the functional element of 
the present invention can be used are described above. 
Further examples of such devices to which the function- 
al element is applicable include electric and elec- 
tronic devices, such as an insulating material, an 
electroconductive material, a solid electrolyte, a 
fluorescent image display tube, an EL element, an ac- 
tuator, a piezoelectric material, a thermistor, a 
varistor, a superconductive material, a thermoelectric 
heating/cooling element and an electromagnetic wave 
shielding material; optical devices, such as a photodi- 
electric material, a light sensor, a solar battery, an 
optical modulator element and a light absorption filter. 
The functional element of the present invention has 
unique features that it comprises a substrate having on 
an upper surface thereof a plurality of metal oxide 


needles extending upwardly of the upper surface of the 
substrate, with their respective central axes arranged 
substantially in parallel with each other, wherein the 
metal oxide needles have a large surface area. By vir- 
tue of these properties, the functional element of the 
present invention can also be used in various other de- 
vices in addition to the above-mentioned devices. For 
example, when the metal oxide needles of the functional 
element of the present invention have a thickness 
(weighted average circle-based diameter) of 0.1 |im or 
less, preferably 0.05 ]am or less, the functional ele- 
ment can be used as a thermoelectric heating/cooling 
element for a refrigerator or the like. Further, re- 
cently, studies have been made for using titanium oxide 
(in combination with a photosensitizer ) in a wet type 
solar battery. In this connection, it should be noted 
that , when the metal oxide needles of the functional 
element of the present invention are comprised of ti- 
tanium oxide, the functional element can be used for a 
solar battery. In such an application field, since the 
metal oxide needles in the functional element have a 
large surface area, a large area can be provided for 
receiving light energy. Therefore, a solar battery em- 
ploying the functional element of the present invention 
exhibits an improved efficiency of the conversion of 


light into electricity. 
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BEST MODE FOR CARRYING OUT THE INVENTION 
Hereinbelow, the present invention will be de- 
scribed in more detail with reference to the following 
Examples and Comparative Examples, which should not be 
5 construed as limiting the scope of the present inven- 

tion. 

In the following Examples and Comparative Examples, 
the leaning angles of the crystal axes (central axes) 
of metal oxide needles growing on a surface of a sub- 
10 strate are defined as angles at which the crystal axes 

lean away from a straight line extending in a direction 
vertical to the surface of the substrate. 


Example 1 

15 Using a system as shown in Fig. 1, a functional 

element was produced as follows. Zinc acetylacetonate 

(Zn(C 5 H 7 0 2 ) 2 ) was charged into a metal compound-heating 
vessel. The vessel was heated to gasify the zinc ace- 
tylacetonate under conditions wherein the internal tem- 
20 perature of the vessel was 115 °C. A single crystal 

plate (A1 2 0 3 ) as a substrate, having a size of 10 mm x 
5 mm, was placed on a heater located just under a blow- 
off slit of a nozzle so that the (0001) face of the 

A1 2 0 3 single crystal faced the slit. The substrate was 
25 heated to 550 °C by means of the heater. Dry nitrogen 
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gas was introduced into the metal compound -heating ves- 

3 

sel at a flow rate of 1.2 dm /min. The gasified zinc 
acetylacetonate in the vessel, entrained by the nitro- 
gen gas, was applied through the blow-off slit of the 

nozzle onto the surface of the A1 2 0 3 single crystal 
plate under atmospheric pressure, thereby growing metal 
oxide (ZnO) needles on the surface of the substrate. 
300 minutes after the start of the application, a func- 
tional element comprising the substrate and, grown on 
the surface thereof, a plurality of the metal oxide 
(ZnO) needles was obtained, which was then removed from 
the system. 

Gold (an electroconductive substance) was vapor 
deposited on the functional element by sputtering at a 
thickness of 0.1 jim. Then, an observation of the func- 
tional element was conducted using a scanning electron 
microscope (hereinafter referred to simply as an n SEM" ) . 

In order to elucidate the three-dimensional struc- 
ture of the functional element, SEM photomicrographs 
showing perspective views of the obtained functional 
element were taken, and shown in Figs. 2 (a) and 2 (b) . 
The metal oxide ( ZnO) needles had a weighted average 
circle-based diameter of 1.2 pm, a weighted average 
length of 100 pm and a density of 500 needles per unit 
area having a size of 10 ]im x 10 jam. Further, the 
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leaning angles of the crystal axes of the metal oxide 
needles were each 0 . 9 degree . 

Example 2 

5 A functional element was produced in substantially 

the same manner as in Example 1, except that the A1 2 0 3 
single crystal plate was heated to 600 °C and dry ni- 
trogen gas was introduced into the metal compound- 
heating vessel at a flow rate of 2 dm 3 /min. 

10 Gold (an electroconductive substance) was vapor 

deposited on the functional element by sputtering at a 
thickness of 0.1 jim. Then, an observation of the func- 
tional element was conducted using an SEM. 

An SEM photomicrograph showing a plan view of the 

15 obtained functional element was taken, and shown in Fig. 

3. The metal oxide (ZnO) needles had a weighted aver- 
age circle-based diameter of 3.6 Jim, a weighted average 
length of 80 pm and a density of 300 needles per unit 
area having a size of 10 pm x 10 jim. Further, the 

20 leaning angles of the crystal axes of the metal oxide 

needles were each 0 . 8 degree . 


25 


Example 3 

Using the same system as in Example l f a function- 
al element was produced as follows. Tetraisopropoxyti- 


82 


tanate (Ti(OC 3 H 7 -i) 4 ) was charged into the metal com- 
pound-heating vessel. The vessel was heated to gasify 
the tetraisopropoxytitanate under conditions wherein 
the internal temperature of the vessel was 130 °C. A 
5 single crystal plate (MgO) as a substrate, having a 

size of 10 mm x 5 mm, was placed on the heater located 
just under the blow-off slit of the nozzle so that the 
(100) face of the MgO single crystal faced the slit. 
The substrate was heated to 450 ° C by means of the 
10 heater. Dry nitrogen gas was introduced into the metal 

3 

compound-heating vessel at a flow rate of 1.5 dm /min. 
The gasified tetraisopropoxytitanate in the vessel, en- 
trained by the nitrogen gas , was applied through the 
blow-off slit of the nozzle onto the surface of the MgO 

15 single crystal plate under atmospheric pressure, there- 

by growing metal oxide (Ti0 2 ) needles on the surface of 
the substrate. 30 seconds after the start of the ap- 
plication, a functional element comprising the sub- 
strate and, grown on the surface thereof, a plurality 

20 of the metal oxide (Ti0 2 ) needles was obtained, which 

was then removed from the system. 

Gold (an electroconductive substance) was vapor 
deposited on the functional element by sputtering at a 
thickness of 0.1 pun. Then, an observation of the func- 

25 tional element was conducted using an SEM. 
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An SEM photomicrograph showing a plan view of the 
obtained functional element was taken, and shown in Fig. 

4. The metal oxide (Ti0 2 ) needles had a weighted aver- 
age circle-based diameter of 0.8 pm, a weighted average 
5 length of 5 pi and a density of 2,500 needles per unit 

area having a size of 10 pm x 10 pm. Further, the 
leaning angles of the crystal axes of the metal oxide 
needles were each 2 . 1 degrees . 


10 Example 4 

An functional element was produced in substantial- 
ly the same manner as in Example 3, except that the MgO 
single crystal plate was heated to 550 °C. 

Gold (an electroconductive substance) was vapor 

15 deposited on the functional element by sputtering at a 

thickness of 0.1 pm. Then, an observation of the func- 
tional element was conducted using an SEM. 

In order to examine the three-dimensional struc- 
ture of the obtained functional element, an SEM photo- 

20 micrograph showing a perspective view of the functional 

element was taken, and shown in Fig. 5. The metal ox- 
ide (TiO a ) needles had a weighted average circle -based 
diameter of 0.8 pm, a weighted average length of 3 pm 
and a density of 3,200 needles per unit area having a 

25 size of 10 pm x 10 pm. Further, the leaning angles of 
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the crystal axes of the metal oxide needles were each 
1 . 0 degree . 

Example 5 

5 Using the same system as in Example 1, a function- 

al element was produced as follows. Zinc acetylaceto- 

nate ( Zn(C 5 H 7 0 2 ) 2 ) was charged into the metal compound- 
heating vessel* The vessel was heated to gasify the 
zinc acetylacetonate under conditions wherein the in- 

10 ternal temperature of the vessel was 115 °C. A silicon 

plate as a substrate, having a size of 10 mm x 5 mm, 
was placed on the heater located just under the blow- 
off slit of the nozzle so that the (111) face of the 
silicon faced the slit. The substrate was heated to 

15 550 °C by means of the heater. Dry nitrogen gas was 

introduced into the metal compound-heating vessel at a 

3 

flow rate of 1.2 dm /min. The gasified zinc acetylace- 
tonate in the vessel, entrained by the nitrogen gas, 
was applied through the blow-off slit of the nozzle on- 

20 to the surface of the silicon plate under atmospheric 

pressure, thereby growing metal oxide (ZnO) needles on 
the surface of the substrate. 300 minutes after the 
start of the application, a functional element compris- 
ing the substrate and, grown on the surface thereof, a 

25 plurality of the metal oxide (ZnO) needles was obtained. 
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which was then removed from the system. 

Gold (an electroconductive substance) was vapor 
deposited on the functional element by sputtering at a 
thickness of 0.1 ]im. Then, an observation of the func- 
5 tional element was conducted using an SEM. 

In order to examine the three-dimensional struc- 
ture of the obtained functional element, an SEM photo- 
micrograph showing a perspective view of the functional 
element was taken, and shown in Fig. 6. The metal ox- 

10 ide (ZnO) needles had a weighted average circle-based 

diameter of 2.8 jim, a weighted average length of 70 ]im 
and a density of 470 needles per unit area having a 
size of 10 pm x 10 pm. Further, the leaning angles of 
the crystal axes of the metal oxide needles were each 

15 3.9 degrees. 


Example 6 

Using the same system as in Example 1, a function- 
al element was produced as follows. Zinc acetylaceto- 

20 nate (Zn(C 5 H 7 0 2 ) 2 ) was charged into the metal compound- 

heating vessel. The vessel was heated to gasify the 
zinc acetylacetonate under conditions wherein the in- 
ternal temperature of the vessel was 115 °C. An A1 2 0 3 
single crystal plate as a substrate, having a size of 

25 10 mm x 5 mm, was placed on the heater located just un- 
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der the blow-off slit of the nozzle so that the (0001) 

face of the A1 2 0 3 single crystal faced the slit. The 
substrate was heated to 550 °C by means of the heater. 
Dry nitrogen gas was introduced into the metal com- 

5 pound-heating vessel at a flow rate of 1.2 din 3 /min. 

The gasified zinc acetylacetonate in the vessel, en- 
trained by the nitrogen gas # was applied through the 
blow-off slit of the nozzle onto the surface of the 

A1 2 0 3 single crystal plate under atmospheric pressure, 

10 thereby growing metal oxide (ZnO) needles on the sur- 

face of the substrate. 15 minutes after the start of 
the application, a functional element comprising the 
substrate and, grown on the surface thereof, a plural- 
ity of the metal oxide ( ZnO) needles was obtained, 

15 which was then removed from the system. 

Gold (an electroconductive substance) was vapor 
deposited on the functional element by sputtering at a 
thickness of 0.1 pm. Then, an observation of the func- 
tional element was conducted using an SEM. 

20 In order to examine the three-dimensional struc- 

ture of the functional element, an SEM photomicrograph 
showing a perspective view of the obtained functional 
element was taken, and shown in Fig. 7. The metal ox- 
ide (ZnO) needles had a weighted average circle-based 

25 diameter of 0.25 pm, a weighted average length of 0.5 
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pm and a density of 2,000 needles per unit area having 
a size of 10 p x 10 pm. 

Example 7 and Comparative Example 

A functional element was produced in substantially 
the same manner as in Example 6. A circuit device 
(shown in Fig. 8) containing the functional element as 
an electron emission element was produced as follows. 

The functional element (10 mm x 5 mm), comprising 
an A1 2 0 3 substrate (1) and ZnO needles (2), was fixed 
onto a silicon (Si) plate having a size of 15 mm x 15 
mm. The silicon plate having the functional element 
fixed thereonto was placed in a sputtering apparatus 
(SPF-332, manufactured and sold by ANELVA Corporation, 
Japan) . A nickel sputtering was conducted under a 
pressure of 0.1 torr in an argon atmosphere for an hour 
to thereby form a nickel layer (3) having a thickness 
of 8 pm on the surface of the functional element and on 
the surface of the exposed shoulder portion of the 
silicon plate having fixed thereonto the functional 
element. The functional element having the nickel 
layer on the surface thereof was used as an electron 
emission element as follows. 

The electron emission element (fixed onto the 
silicon plate), silicon plates (6) as spacers, an elec- 
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troconductive paste (7) and a copper plate (8) were as- 
sembled as shown in Fig. 8 so that the nickel layer (3) 
formed on the surface of the functional element and the 
copper plate (8) were connected with each other through 
the electroconductive paste (7). The copper plate (8) 
was connected with an external electrode, which was 
earthed. On the other hand, there was provided a cop- 
per plate (4) having a lower surface thereof coated 
with an insulating film (5) which has a square -shaped 
opening having a size of 2 mm x 2 mm at the center of 
the film to thereby leave a non-coated portion in the 
lower surface of the copper plate (4). The copper 
plate (4) was connected with an external electrode, 
which in turn was connected with an anode. The copper 
plate (4) having the insulating film (5) coated on the 
lower surface thereof was fixed onto the upper surfaces 
of the silicon plates (6) placed on both sides of the 
functional element having the nickel layer (3) thereon 
so that the non-coated portion of the lower surface of 
the copper plate (4) faced the functional element hav- 
ing the nickel layer (3) thereon, wherein the distance 
between the non-coated portion of the lower surface of 
the copper plate (4) and the nickel layer (3) formed on 
the surface of the functional element became 0.5 mm. 
Thus, a circuit device was obtained having a vertical 
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cross -sectional view shown in Fig. 8. This circuit de- 
vice was provided for Example 7. 

Another circuit device was produced in substan- 
tially the same manner as described above, except that 
a nickel plate having a size ofl0mmx5mmx0.5mm 
was used instead of the functional element having the 
nickel layer on the surface thereof. This circuit de- 
vice was provided for Comparative Example. 

The circuit device of Example 7 and the circuit 
device of Comparative Example were individually placed 
in a vacuum chamber. The internal pressure of the 
chamber was adjusted to 6 x 10" 6 torr. The anode and 
the earth were connected with each other through a cur- 
rent-voltage meter and a high voltage power source so 
that the current -voltage meter was positioned on the 
side of the anode and the high voltage power source was 
positioned on the side of the earth. Then, the elec- 
tron emission was conducted and the emission current 
was measured. 

In the circuit device of Example 7, in which the 
functional element of the present invention was used as 
an electron emission element, the emission current was 
as high as 5 ]iA when a voltage of 5 kV was applied ac- 
ross the anode and the earth. By contrast, in the cir- 
cuit device of Comparative Example, in which the above- 
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mentioned nickel plate was used instead of the func- 
tional element of the present invention, the emission 
current was as low as 0.4 ]iA when a voltage of 5 kV was 
applied across the anode and the earth. 


INDUSTRIAL APPLICABILITY 
The functional element of the present invention 
for use in an electric, an electronic or an optical de- 
vice comprises a substrate having thereon a metal oxide 
structure comprised of a plurality of metal oxide 
needles and has an advantage in that, although the 
metal oxide structure comprised of the metal oxide 
needles has a very large surface area, the metal oxide 
structure has a very small thickness. The functional 
element of the present invention can be advantageously 
applied to various fields including the fields of ele- 
ments for use in electric or electronic devices, such 
as an electron emission element of energy- saving type 
(i.e., an electron emission element having the capabil- 
ity of emitting electrons even under low voltages), a 
high-capacitance capacitor element, a high-density 
memory element and a high-sensitivity sensor element; 
and the fields of elements for use in optical devices, 
such as a laser emission element (particularly a laser 
emission element emitting a low-wavelength laser, such 
as an ultraviolet laser) and a highly integrated opti- 
cal switch element. Also, by the method of the present 
invention, the functional element of the present inven- 
tion can be effectively and efficiently produced 
without the need for a large equipment cost for the 
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production. That is, in the method of the present in- 
vention, the production of the functional element can 
be conducted, for example, using a reaction zone con- 
taining air at atmospheric pressure. 
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Claims 

1. A functional element for use in an electric, an 
electronic or an optical device, comprising: 

a substrate having on an upper surface thereof a 
plurality of metal oxide needles extending upwardly of 
the upper surface of said substrate, with their respec- 
tive central axes arranged substantially in parallel 
with each other , 

said needles having a weighted average circle- 
based diameter of from 0.01 to 10,000 pm, wherein said 
weighted average circle-based diameter is defined as 
the weighted average diameter of circles having areas 
equal to the areas of the cross-sections of said nee- 
dles, said cross -sections being taken at the middle 
portions located at the 1/2 lengths of said needles and 
along a plane perpendicular to the central axes of said 
needles , 

said needles having a weighted average aspect ra- 
tio of 0.1 or more, wherein said weighted average as- 
pect ratio is defined as the ratio of the weighted av- 
erage length of the needles to said weighted average 
circle-based diameter of the needles, 

said needles being present at a density of from 
0.01 to 10,000 needles per unit area having a size of 
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10 pm x 10 pm at the upper surface of said substrate. 


2 . The functional element according to claim 1 , 
wherein said metal oxide needles are secured to each 
5 other by means of at least one substance selected from 

the group consisting of an organic substance, an inor- 
ganic substance and a metal. 


3. The functional element according to claim 1, which 
10 is an electron emission element for use in an electric 

or an electronic device. 


4. The functional element according to claim 1, which 
is a capacitor element for use in an electric or an 
15 electronic device. 


5 . The functional element 
is a memory element for use 
tronic device. 

6. The functional element 
is a sensor element for use 
tronic device. 


according to claim 1 , which 
in an electric or an elec- 

according to claim 1, which 
in an electric or an elec- 


25 


7. The functional element according to claim 1, which 
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is a laser emission element for use in an optical de- 
vice . 


8, The functional element according to claim 1, which 
5 is an optical switch element for use in an optical de- 

vice . 


9. A method for producing a functional element for 
use in an electric, an electronic or an optical device, 
10 which comprises: 

(a) gasifying at least one metal compound having 
volatilizability or sublimability and having the capa- 
bility to react with at least one oxide-forming sub- 
stance to form a metal oxide corresponding to said 

15 metal compound, to thereby obtain a metal compound gas, 

and 

(b) applying the obtained metal compound gas onto 
a surface of a substrate which is placed in a reaction 
zone containing said oxide-forming substance and which 

20 is heated to a temperature higher than the temperature 

of said metal compound gas , to thereby contact the sur- 
face of said substrate with said metal compound gas in 
the presence of said oxide-forming substance for a 
period of time sufficient to grow a plurality of metal 

25 oxide needles on the surface of said substrate and form 
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the functional element of claim 1. 


10. The method according to claim 9, wherein, in step 
(b), said metal compound gas is applied together with a 

5 carrier gas . 

11. The method according to claim 9, wherein said re- 
action zone contains air at atmospheric pressure . 


10 12. The method according to claim 9, wherein the metal 

moiety of said metal compound is comprised of at least 
one element selected from the group consisting of ele- 
ments belonging to Groups 1 to 15 of the Periodic Table, 
exclusive of hydrogen, boron, carbon, nitrogen, phos- 

15 phorus and arsenic. 


13. The method according to claim 9, wherein the metal 
moiety of said metal compound is comprised of at least 
one element selected from the group consisting of zinc, 
20 silicon, aluminum, tin, titanium, zirconium and lead. 
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ABSTRACT 

Disclosed is a functional element for use in an 
electric, an electronic or an optical device, and a 
method for producing the same. The functional element 
5 comprises a substrate having on an upper surface there- 

of a plurality of metal oxide needles extending up- 
wardly of the upper surface of the substrate, with 
their respective central axes arranged substantially in 
parallel with each other, wherein the needles have a 

10 specific weighted average circle-based diameter and a 

specific weighted average aspect ratio, and wherein the 
needles are present at a specific density at the upper 
surface of the substrate. Also disclosed is a method 
for producing the functional element, which comprises 

15 gasifying a metal compound having the capability to re- 

act with an oxide-forming substance to form a metal ox- 
ide, to thereby obtain a metal compound gas, and apply- 
ing the obtained metal compound gas onto a surface of a 
substrate which is placed in a reaction zone containing 

20 the oxide-forming substance and which is heated to a 

temperature higher than the temperature of the metal 
compound gas . 
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